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CHAPTER I. INTRODUCTION 
(Vhen a solid is in contact with an electrolyte, an electrified 
interface arises. Such a solid-liquid interface, from which the physical 
and chemical interactions originate, has long been, and is still, under 
study in the fields of electrochemistry and solid state physics. This 
is because the existence of this electrified interface is directly 
responsible for the phenomena of surface corrosion, surface catalysis, 
and electrodeposition, among others. 
In recent years, an immense growth in time and effort has been 
devoted to the study of the semiconductor-electrolyte interface because 
semiconductors can be used as photoelectrodes in a photoelectrochemical 
cell to convert and store solar energy as electrical or chemical energy. 
This activity has been stimulated by the attempt to look for new 
economical energy sources as a supplement to fossil energy. However, 
most semiconductors employed in such systems are subjected to photo-
corrosion or low conversion efficiency. In 1977, Tributsch (1) attempted 
to search for new materials which might be used as stable and efficient 
photoelectrodes for photoelectrolysis of water, by considering their 
solid state properties, their desired kinetics, and the energetics of 
the chemical reactions occurring in such a cell. He concluded that the 
group VI layered semiconducting transition metal dichalcogenides, 
especially MoSg and WSg, were the desired materials. Since then many 
groups have studied the electrochemical properties of these compounds and 
their potential uses as photoelectrodes in a photoelectrochemical solar 
cell. 
2 
The physical properties of WSCg, MoSCg, WSg, and MoSg have been 
studied extensively but by no means completely. The crystal structure 
of these transition metal dichalcogenides is highly anisotropic. 
Because of the small size of synthetic single crystals in the direction 
perpendicular to the layers, most experimental work has been on the 
physical properties of these compounds in the direction parallel to the 
layers. 
In this dissertation, the electrical resistivity and Hall effect 
within the layers, and photocurrent and transmission spectra have been 
measured on some of these materials, and their use as photoelectrodes 
in an electrochemical solar cell also has been investigated. Furthermore, 
attempts have been made to measure the resistivity of these materials 
perpendicular to the layers. 
3 
CHAPTER II. ELECTRICAL PROPERTIES OF WSeg, MoSe^, WS^, AND NoSg 
Introduction 
The transition metal dichalcogenides crystallize in a layered 
structure. This class of compounds is very interesting because of the 
diverse properties of its members: (i) the quasi two-dimensional 
structure; (ii) the electrical properties, ranging from semiconducting 
to metallic, and to superconducting at sufficiently low temperature; and 
(iii) the abilities of some of these compounds to be intercalated with 
suitably-sized metal atoms or organic molecules to modify their physical 
properties. Because of the strong interactions among the d electrons of 
the transition metal atoms, the d atomic states are split into two bands 
such that the lower energy d band is mainly of d^2 nature. Whether the 
material is a semiconductor or a metal depends on the degree of filling 
of this d^2 band. The compounds WSCg, MoSeg, WSg, and MoSg are semi­
conductors because their d^2 bands are completely filled. 
WSeg, MoSCg, WSg, and MoSg crystallize in a layered structure such 
that the chalcogen atoms are arranged in close-packed hexagonal layers 
and the transition metal atoms have a sixfold trigonal prismatic co­
ordination (2). There are two polytypes, 2H and 3R, due to different 
stacking sequences of the layers. The 2H polytype has two layers per 
unit cell, stacked in hexagonal symmetry in an AbA/BaB sequence in the 
— A 
[1120] section, and belongs to the space group The upper case 
letters stand for the chalcogen atoms, the lower case letters for the 
transition metal atoms, and the stroke for the van der Waals gap between 
two sheets of chalcogen atoms. The 3R polytype has three layers in the 
4 
direction of the c-axis (the [0001] direction) in rhombohedral symmetry 
in an AbA/BcB/CaC sequence in the [1120] section, and belongs to the 
space group . The 2H and 3R polytypes of MoSg single crystals are 
shown schematically in Fig. 1. The metal and the chalcogen atoms are 
held tightly together mainly by covalent bonding within the layers, 
while relatively weak van der Waals interactions couple adjacent sheets 
of the chalcogen atoms. The surface of the crystals perpendicular to 
the c-axis is generally called the 'van der Waals surface'. The extra­
ordinary crystal structure of these compounds accounts for the easy 
cleavage perpendicular to the crystal c-axis and for the easy bending 
of the crystals. The physical properties of these compounds are expect­
ed to be highly anisotropic. Resistivities of bulk natural single 
crystals of MoSg both perpendicular (pj^) and parallel (py) to the 
c-axis have been measured (3), It was found that Pj^/P|| '^200 at room 
temperature. Reflectivity spectra on 2H-WSe2 and 3R-WS2 have been 
investigated with light incident normal to the van der Waals surface 
(eJ_C) and normal to the crystal c-axis (E J_c and E |(c) respectively 
(4,5). The striking results were the disappearance of the exciton 
feature in the reflectivity spectra of these two compounds in the case 
of EJ_C. There were some other differences between the reflectivity 
spectra for Ê ||c and for ^  J_c at higher photon energies. Though much 
experimental work has been done on the compounds WSeg, MoSeg, WSg, and 
MoSg, the nature of some of their physical properties is still 
controversial or not very well-known. Very little work has been 
published on whether these compounds are direct or indirect band gap 
materials. Goldberg et al. (6) measured transmission spectra of single 
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Figure 1. Crystal structure of (a) 2H- and (b) SR-MoS^ and 
their stacking sequence in the [1120] section 
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crystals of MoSg and MoSeg in the near infra red region and suggested 
that these compounds are indirect band gap materials. Kautek et al. 
(7) concluded from their photocurrent measurements that MoSg* MoSe^, and 
WSSg are all indirect band gap materials. Strong exciton features have 
been observed from transmission measurements on WSe^ (2,8), MoSe^ (2,9, 
10), WSg (2), and MoS^ (2,3,11,12); from reflectivity measurements on 
WSeg (4,13,14), MoSeg (13,15), WS^ (4,13,14), and MoSg (13,16); from 
modulation spectroscopy measurements on WSCg (5,17), MoSeg (5,18,19), 
WSg (5), and MoSg (5,20). The photon energy corresponding to the series 
limit of the A-exciton is assigned to the band gap energy for direct 
interband transition (E ) which is equal to 1.752 eV (14) and 1.775 eV 
S 
(17) for 2H-WSe2, 1.69 eV for MoSSg (9), 2.104 eV for WS^ (14), and 
1.971 eV for MoSg (16) at 77 K. The intrinsic thermal energy gaps were 
also deduced from transport property measurements on WSe^ (21,22), NoSeg 
(22,23), WSg (24), and MoSg (3,22,24,25), but the nature of the thermal 
band gaps was indeterminate. The nature of the top of the valence band 
and the bottom of the conduction band is still controversial. Huisman 
et al. (26) suggested that the top of the valence band was chalcogen p-
like because the Hall mobility of the holes seemed to be too large for 
conduction via a narrow d band. From the electron paramagnetic 
resonance spectra of As-doped p-MoS^ single crystals. Title and Shafer 
(27,28) concluded that the top of the valence band of MoS^ was d^2 like. 
Later, Mehren et al. (29) reinterpreted their electron paramagnetic 
resonance (EPR) results and concluded that the top of the valence band 
should be p^ like. Photoelectron spectra of MoSg (30,31) showed that the 
7 
valence band of MoS_ was a mixture of the d 2 band of the transition 
z z 
metal atoms and the p band of the chalcogen atoms, with the top of the 
valence band mainly d^2 like. EPR spectra studied by Fonville et al. (32) 
on As-doped MoS^, MoSeg, WSg, and WSeg led them conclude that the d- and 
p-orbitals were strongly mixed at the top of the valence band of these 
compounds. For MoSg, a band structure calculation by Mattheiss (33) 
with the augmented plane-wave method (APW) led to a d^2-band above the 
p-band in the valence band, while that by Kasowski (34) with the linear 
combination of muffin-tin orbitals method (LCMTO) predicted an indirect 
band gap of about 1 eV. However, none of the band structure calculations 
on MoSg are self-consistent. Also, there is no band structure calcula­
tion on WSeg, MoSCg, and WS^ which are isostructural with MoSg. 
Theory 
The electrical conductivity tensor (E) is defined as 
Ji = a^j(î) Ej ^ i,j = 1, 2, 3 , (2.1) 
where E is the applied electric field with E^ along the j direction and 
is the current density along thie i direction, is independent of 
E at low applied electric field. The current density can be written as 
J r / v(ic) Af(E) d\ , (2.2) 
Att 
where e is the electron charge, v(ït) is the group velocity of the 
electron with momentum ïc, Af(E) is the deviation of the Fermi distribu­
tion function from equilibrium, and E is the energy of the electron. 
Af(E) can be obtained by solving the Boltzmann equation under the 
relaxation time ( T ( k ) )  approximation. In the isothermal case 
Af(E) = t(Îc) —eE'v(it) . (2.3) 
By inserting Eq. (2.3) into Eq. (2.2) and comparing the result with 
Eq. (2.1), can be written as 
2 
f v^(it) Vj (!^) T(ic) [- ] d\ . (2.4) 
Oj.j depends on the band structure of the material via the group velocity 
of the electrons and the scattering mechanism via the relaxation time. 
For the layered semiconducting transition metal dichalcogenides WSCg, 
MoSe^, WSg, and MoS^, which belong to the space group Dg^-P6/mmc, if 
the coordinate system is so chosen that the 1- and 2-axes lie within 
the layer while the 3-axis is parallel to the crystal c-axis of these 
materials, the conductivity tensor can be simplified to (35) 
Oy = 0 , for i f j (2.5) 
°ii -  " 2 2 '  " i  •  C'G) 
O33 = , (2.7) 
where 01 (o,,) is the conductivity perpendicular (parallel) to the crystal 
T 
axis 
by 
c- . Under this circumstance, the resistivity tensor (P^j) is given 
p^j = 0 , for i ^  j (2.8) 
Pll = P99 = P| = TT » (2.9) 
"22 " 
"33 = P|| - ^  • (2-1°) 
(From now on, the subscripts J_ and || will omitted in this section.) 
For mixed conduction, the relation of the conductivity to the carrier 
concentration and the carrier mobility is given by 
a = e (n + p ) , (2.11) 
where n (p) is the electron (hole) concentration and (y^) is the 
electron (hole) mobility while the Hall coefficient (R^) can be written 
as 
/ 2 2 , 
a ( n y - p y^ ) 
R. , (2.12) 
e ( n y^ + p y^ ) 
where a is a constant depending on the band structure of the material 
and the scattering mechanism. The value of a is never far from unity 
(36). 
For non-degenerate n-type semiconductors in the extrinsic conduction 
temperature range, p«n, Eq. (2.11) and Eq. (2.12) can be simplified as 
O = n e y^ , (2.13) 
= _ a —i— . (2.14) 
H ne 
Under certain circumstances, the Hall mobility of the carriers is related 
to the absolute temperature by a simple power law, 
o 
where y and T are constants while the value of b depends on the 
o o 
10 
dimensionality and band structure of the material and the scattering 
mechanism in an appropriate temperature range. 
For a partly compensated n-type semiconductor, assuming a single 
ionization energy level (E^) for all donors, the electron concentration 
is given by (36, 37) 
1 4 ( N- - N ) 1 
n = i ( N + N, ) { [ 1 + - 1 } , (2.16) 
( N + ) 
where and are the donor and acceptor concentrations, respectively, 
h^ 
where m is the effective mass for electrons, k is Boltzmann's constant, 
e D 
h is Planck's constant, and T is the absolute temperature. 
For an anisotropic material in a plane-parallel disc of arbitrary 
shape with its plane perpendicular to the 3-axis, van der Pauw (38) 
derived an explicit expression for the resistivity within the plane, 
ïïd ïïd 
e" P AB.CD + e" P BC'DA . i , (2.18) 
with 
V, - V, 
and (39) 
P = / Pg » (2.20) 
11 
where d is the thickness of the disc, A, B, C, and D are small electrical 
contacts along the circumference of the disc, and R.. ,. is the 'transfer 
Ij y Kl 
resistance', defined as the voltage difference between the contacts 1 and 
k per unit current entering the sample at i and leaving it at j. When a 
magnetic field J is applied perpendicular to the sample, a Hall voltage 
and a change in the transfer resistance (AR^^ arise. Seeger (40) 
derived an expression for the Hall coefficient, 
h • ^"AC.BD • (2-21) | B |  
while van der Pauw (38) gave an expression for the Hall mobility, 
^H " |j>j p ^^AC,BD * (2.22) 
Experiment 
Sample preparation 
Single crystals of WSeg, MoSe^, WS^, and MoSg were grown in quartz 
ampoules by the chemical vapor (Clg) transport method. The crystals were 
thin plates with thicknesses from tens of microns (for WS^) to several 
2 
tenths of a millimeter, and surface areas from 0.01 to 1 cm . The thick­
ness of the crystals ( >0.1 mm) was measured with an optical microscope 
or a micrometer while that of thinner crystals was measured with a 
scanning electron microscope. Because of the geometry of the ampoule 
and the growth directions of the crystals, most of the crystals possessed 
macroscopic defects. Usually, thick crystals with large surface areas 
were not perfectly flat and possessed numerous defects such as stacking 
faults and screw dislocations. X-ray powder diffraction patterns of 
12 
arbitrarily selected single crystals of WSeg and MoSe^ established that 
they were 2H polytype while those of single crystals WS^ and MoS^ 
suggested that they were a mixture of 2H and 3R polytypes. The crystals 
were n-type, as deduced from the signs of their Hall coefficients and 
thermoelectric powers at room temperature. In the process of crystal 
growth, 0.01 atomic percent of arsenic or niobium was added as dopant in 
some of the batches In hopes of obtaining p-type materials. It turned 
out that crystals arbitrarily selected from those batches were also n-
type. This might be due to different transport rates of As, Nb, and W 
(or Mo), to the non-stoichiometry of the crystals, or to impurities which 
were n-type dopants. 
Except for the sample MoSeg //33-R5, which was as-grown, all other 
samples were cut into a polygonal shape with a razor blade. Several 
methods had been tried to cut the crystals without inducing much damage 
to them. None of these methods gave satisfactory results. Spark 
cutting did not work well because of the relatively high resistivity of 
these materials compared with that of metals, while a diamond saw left 
permanent damage to the crystals near the cut. No known method of 
electropolishing or etching would remove that damage. It was found that 
cutting the crystals with a sharp razor blade gave the best results 
because it would induce less damage and strain in the crystals. 
To clean the crystals, the following procedures were used. The 
crystals were first immersed in 2M HCl for about 30 seconds and rinsed 
thoroughly with distilled water. Then they were cleaned in 1-1-1 
trichloroethane and rinsed thoroughly with acetone followed by methanol. 
The cleaned crystals were dried with nitrogen gas. 
To measure the resistivity perpendicular to the c-axis (pj^), 
electrical contacts were made at the corners of the polygonal samples 
with indium solder which contacted all the layers. The size of the 
contacts was small compared with the separation between two adjacent 
contacts and the size of the polygon. The sample was then laid on a thin 
sapphire disc. Small lumps of indium were melted onto the sapphire disc 
so that they contacted the indium solder at the corners of the crystal. 
Electrical contacts were completed by soldering thin wires to the indium 
lumps as shown in Fig. 2. To measure the resistivity parallel to the 
c-axis (p|| ), electrical contacts were prepared as follows. Gold was 
evaporated on both van der Waals surfaces of the crystals in a ring 
shape with an outer diameter of '^4 mm and an inner diameter of 'U).07 mm, 
with a small gold spot of M).03 mm in diameter at the center of the 
ring. A small copper block was indium-soldered to part of the gold ring 
on one of the van der Waals surface. The purpose of this contact was 
three-fold; (!) to keep the sample in position to make work easier; (ii) 
to provide one electrical lead for the constant-current source; (iii) to 
provide good thermal contact. Indium-gallium amalgam was rubbed on the 
gold-plated van der Waals surfaces. The copper block was glued onto a 
thin sapphire disc with GE 7031 varnish. Another Identical electrical 
contact for the constant current lead was made to the other van der Waals 
surface. Instead of indium solder, the copper block was touched to the 
crystal surface with the end rubbed with indium-gallium amalgam. Two 
small pieces of sapphire plate were glued on top of the copper blocks 
with the varnish. Two sharp-pointed phosphor bronze strips, whose sharp 
points were rubbed with indium-gallium amalgam, were laid on the 
14 
sapphire plates and made to contact the small spots at the centers of 
the rings as the voltage probes. Fig. 2 shows schematically the 
electrical contacts of a WSCg single crystal in measuring p||. 
Resistivity and Hall effect measurements 
The thin sapphire disc on which the sample was mounted was glued 
onto the sample holder of the cryostat with the varnish. Sapphire is a 
good electrical insulator and a good thermal conductor while GE 7031 
varnish functions as a glue and a thermal conducting medium. A copper-
constantan thermocouple was placed on the sapphire disc near the sample 
to measure the temperature of the sample. Resistivity and Hall effect 
measurements were made from room temperature to liquid nitrogen 
temperature, both in the cooling and warming processes for most samples. 
The temperature was monitored manually by adjusting the heating current 
through a heating wire wrapped around the sample holder. The thermo­
couple voltage was measured with a HP 3466A digital multimeter. The 
reading could be stabilized to within ±2 yV at each temperature by care­
fully adjusting the heating current. The input resistance of the multi­
meter is 10^ ohms. The measured voltage of the thermocouple was smaller 
than 5.6 mV. Only negligibly small current (<1 nA) was drawn by the 
multimeter and this should not affect the temperature reading at all. 
Therefore, the temperature of the sample could be stabilized to within 
±0.2 K. The ohmic nature of the contacts was checked by investigating 
their current-voltage (i-V) characteristics before resistivity and Hall 
effect measurements. Mienever there was doubt that ohm's law was valid, 
the i-V characteristics of the contacts were reinvestigated. Van der 
Pauw's method was used to measure piand the Hall constant (R^). In the 
15 
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Figure 2. Electrical contacts of a WSSg single crystal to measure 
resistivity (a) perpendicular (pj^) and (b) parallel (py) 
to the c-axis 
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resistivity measurement, constant current was applied to two adjacent 
contacts while voltage was measured between two of the remaining con­
tacts. In the Hall effect measurement, constant current was applied to 
two alternate contacts, while the Hall voltage was measured between two 
other contacts which were on opposite sides of the constant current 
leads. The magnetic field was applied parallel to the c-axis. Measure­
ments were made for as many different combinations of current leads and 
voltage probes as possible to minimize experimental error due to thermal 
effects. For samples with five (six) electrical contacts, five (fifteen) 
sets of data were taken at each temperature, one for each combination. 
All data fell within ±1.5% from their mean at most temperatures. Near 
liquid nitrogen temperature, the deviation of the data from their mean 
was larger (±4%) because the contacts became noisy. The error was even 
larger for MoSg. For WS^ single crystals, measurement could not be made 
at low temperature because the resistance of these very thin crystals 
became too high. A Reithley 177 digital multimeter was used as the 
constant-current source, ranging from 1 mA to 0.1 y A in decade steps. 
Both a Keithley 181 digital nanovoltmeter and a Keithley 640 vibrating 
capacitor electrometer were used to measure the voltage across the 
voltage probes for the sample WSe^ #50-Rl. The voltage read by these two 
meters was essentially the same. The input resistance of the nanovolt-
9 
meter is higher than 10 ohms for voltages up to 200 mV, while that of 
12 
the electrometer is higher than 10 ohms. Therefore, negligible current 
was drawn from the sample by the nanovoltmeter during the measurement. 
Errors caused by this current drawn should be insignificant. Voltage 
measurements were then made with the nanovoltmeter because of its 
17 
simplicity and convenience of operation. The magnetic field was produced 
by a Varian electromagnet model V-4012A, fitted with tapered pole pieces 
and a Varian regulated power supply. Model V-2100, A magnetic field of 
4 kilogauss was used for the Hall effect measurement. The measured Hall 
voltage was found to be linear with the applied magnetic field which was 
measured with a Radio Frequency Laboratories, Inc. Model 1890 gaussmeter. 
Rotary switches were used to select the constant current leads and the 
voltage probes. 
Results And Discussion 
Fig. 3 shows the resistivity perpendicular to the c-axis (p^), which 
is calculated from Eqs. (2.18), (2,19), and (2,20), over the temperature 
range 330 K to 78 K for several samples of WSCg, MoSeg, WSg, and MoS^. 
3 
The results are plotted as log ^versus 10 /T. shows a similar 
temperature dependence for WSeg and MoSCg, even for samples from different 
crystal growth ampoules. At low temperature, the data can be fitted by a 
straight line. If pj^ is written as a function of temperature in the form 
(En/knT) D' B 
'1 " %o " 
p. = p, e , (2.23) 
where pi depends on temperature in general and is the thermal 
-L,o 
activation energy of the donors. In the linear region of the log pj^ 
3 
versus 10 /T plot, pi can be considered as constant and can be 
,o 
obtained from its slope. E^ is approximately equal to (96±2) meV for 
WSeg and (50+2) meV for MoSeg. As the temperature increases, the log p. 
3 
versus 10 /T plot deviates from linearity, and pj^ decreases slowly with 
increasing temperature. For VlSe^, j^first decreases with increasing 
18 
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Figure 3. Temperature dependence of the resistivity perpendicular to 
the c-axis (pi) of single crystals of WSe„, 
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temperature and then slowly Increases again above room temperature. The 
explanation is that the electron mobility perpendicular to the c-axis 
depends strongly on the temperature and the impurity approaches complete 
ionization. For WSg, because of the very thin crystals, the input 
resistance is so high that results at low temperature are unreliable. 
Only a few data points for WS^ are shown in Fig. 3. If the data are 
fitted into Eq. (2.23), '\'51 meV for WS^ //51-Rl and '\'140 meV for WSg 
//51-R2. The experimental error (~10%) is larger than for WSeg and MoSeg 
because the thickness of the WS^ crystals may not be uniform and scatter­
ing of charge carriers by surface defects may be Important. The results 
for MoSg are much more complicated. The resistivity (Pj^) has been 
measured for eight samples of MoSg from the same growth ampoule. Six of 
them exhibit strange results. As mentioned in the experimental section, 
the ohmlc nature of the contacts of the samples is checked at room 
temperature before measurements are made. The contacts of the MoSg 
samples are ohmlc within 1% at room temperature, but the resistivity and 
Hall effect data scatter and deviate from their mean by 5%. As the 
temperature is lowered to about 200 K, some of the contacts are no longer 
ohmlc, even for very small currents, as observed from their i-V 
characteristics, but become ohmlc again when warmed to room temperature. 
What causes this is not understood, but it may have something to do with 
the large number of structural defects, such as stacking faults, screw 
dislocations, and impurity inhomogeneity in these crystals. Only two 
samples of MoSg show relatively consistent results, with experimental 
errors as large as 30% at low temperature. The results can be fitted to 
Eq. (2.23) at low temperature. The thermal activation energy for these 
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two NoSg samples differs significantly with '^130 meV for MoSg //52-R2 
and M6 meV for MoSg //52-R8. The reported resistivity data vary from 0.2 
to 400 ohm-cm at room temperature for synthetic single crystals of WSe^, 
MoSe_, WS , and MoS . For polycrystalline materials prepared by the 
6 _ 
method of hot-pressing powder, a resistivity as high as 10 H -cm has been 
reported (41). The reported impurity activation energies derived from 
resistivity measurements vary from 80-190 meV for WSCg, 25-140 meV for 
MoSe^, 40-180 meV for WS^, and 30-240 meV for MoSg. Such large differ­
ences in the reported impurity activation energies of these compounds are 
a result of different crystal quality and different ways of analyzing the 
resistivity data. Instead of Eq. (2.23), Kalikhman and Pravoverova (42) 
extracted the activation energy for the temperature range 78-600 K by 
using 
(E /2k T) 
Pj^  = Pj^  ^  e , (2.24) 
while El-Mahalawy and Evans (22) used the same approach to obtain what 
they called the thermal energy gap, which was twice as large as the 
activation energy obtained from Eq. (2.23), from resistivity measured 
below room temperature. If Eq. (2.23) is used in (22) and (42), the 
reported values of impurity activation energy for WSeg are nearly the 
same as those obtained in this work, namely, (96±2) meV. For MoSe^, the 
impurity energy level, (50+2) meV, is close to that reported in (43) for 
single crystals grown with Br^ as the transport agent. It is very 
difficult to compare the results for MoSg with the reported data because 
of the odd behavior of the crystals studied in this work. However, the 
values of E^ for the two samples of MoSg fall within the range of the 
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reported data. 
Fig. 4 shows the resistivity both perpendicular and parallel to the 
c-axis as a function of temperature for samples of WSeg //49-R2 and MoSeg 
//53-Rl. pj^ and Pj| show similar temperature dependences for both 
samples. The ratio of pp to pj^ is slightly larger at low temperature 
than at room temperature. However, the observed anisotropy of the 
resistivity of these samples is much lower than that observed on a large 
natural MoSg single crystal (3). The results presented here should not 
be considered as definitive because the actual ratio of P|| to Pj^ for 
WSeg and MoSeg could be somewhat larger. In measuring the resistivity 
parallel to the crystal c-axis, because of the geometry of the samples 
and that of the contacts, the results may not entirely correspond to P||. 
A shorting effect from the large current contacts can not be excluded 
and the measured voltage across the voltage probes depends strongly on 
the spacing between the current contact and the voltage probe. All these 
effects will underestimate the actual values of P||. More reliable 
results can only be obtained by measurements made on thicker samples so 
that the conventional four probe method can be employed on a rectangular 
sample. 
The Hall voltages have been measured over the same temperature range 
for the same samples as those shown in Fig. 3 and the Hall coefficients 
calculated from Eq. (2,21) are shown in Fig. 5. Intrinsic conduction of 
these compounds is not important for temperatures lower than 650 K, as is 
the case in this study, Eq. (2.14) is used to calculate the density of 
electrons by assuming that the constant a is equal to unity. The results 
3 
are shown in Fig. 6 as log n versus 10 /T. Since the crystals WSe^, WSg, 
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MoSeg, and MoSg are known to be compensated semiconductors, the density 
of electrons for these samples is calculated from Eq. (2.16) by assuming 
a single impurity energy level for the donor and different degree of 
compensation (K) which is defined as the ratio of the donor to acceptor 
concentration. The solid lines shown in Fig. 6 are the best fit of the 
experimental results with the parameters listed in Table I. 
Table I. Parameters used in Eq. (2.16) to calculate the electron 
concentration 
Sample Eg (meV) Njj (cm ^) (cm ^) 
WSe^ #49-Rl 112 2.1x10^^ 2.9x10^5 0.3 
#49-R2 104 2.7x10^^ 6.4x10^5 0.32 
//50-Rl 107 2.3x10^* 4.6x10^5 0.3 
MoSe2#33-Rl 65 5x10^® 4.4x10^® 1 
//33-R2 65 5x10^® 4.4x10^® 1 
//33-R5 66 5.1x10^® 3.6x10^8 1.1 
//53-Rl 64 4x10^® 3.6x10^® 1.02 
#53-R2 62 5x10^® 4.6x10^® 0.96 
MoSg //52-R8 96 7x10^* 5.6x10^^ 0.54 
For WSe„, E '^(108±4)meV, K<0.25, and the electron effective mass 
6 D 
m = (0.31+0.01) m . That the electron concentration tends to be 
e o 
saturated at temperatures slightly above room temperature suggests that 
the donors are nearly completely ionized. For MoSeg, E^ is about 
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(64±2) meV, K can be as large as 0,9, and Fig. 6 shows that n 
decreases more slowly near liquid litrogen temperature than at higher 
temperature for MoSCg. Similar results were also observed on MoSg (25). 
It was suggested that different values of a in Eq. (2.14) should be used 
to calculate n in different temperature ranges because of different 
scattering mechanisms. This may not be the case for the samples MoSe^ 
#53-Rl and #53-R2 because the scattering mechanism seems to be unchanged 
in the temperature range under study, as suggested by the temperature 
dependence of the electron mobility, discussed below. An alternative 
explanation is that these samples may have two donor impurity energy 
levels. In fact, two shallower impurity energy levels have been observed 
from resistivity measurements on Nb-doped p-MoSeg from liquid nitrogen 
to liquid helium temperature (43). If this is the case, the compensa­
tion for the MoSCg samples may be lower. However, the measurements are 
not made at sufficiently low temperature so that this shallower impurity 
energy level can not be resolved. For MoSg, the results vary between 
samples. For the sample MoSg //52-R2, the data can be fitted to Eq. (2.16) 
a 
very well with E^ '^96 meV, K'^j O.S , and m^'^0.54 m^. For the sample MoSg 
//52-R8, the data can not be explained by assuming a single impurity 
energy level for the donors. For WS^, only a few data points for the 
electron concentration are shown in Fig. 6. No attempt is made to fit 
the data with Eq. (2.16) because of the limited number of data points. 
The very strong temperature dependence of the electron concentration 
suggests that the donor impurity energy level of WS^ is higher than those 
of the WSeg, MoSe^, and MoS^ samples in this study. Fitting the electron 
concentration data to Eq. (2.16) is very sensitive to the values of E^, 
N , and K, but less sensitive to the value of m . No data on the 
u e 
electron (hole) effective mass were available for these materials. The 
electron effective mass of these compounds listed in Table I agrees to 
some extent with the reduced mass of electron-hole pairs deduced from the 
exciton features observed in the optical measurements. The impurity 
energy level of WSeg, MoSeg, and MoS^ agrees very well with those report­
ed by Fivaz and Mooser (44). Again, there are differences in the method 
used to analyze and interpret the Hall coefficient data. Eq. (2.14) was 
used to calculate the carrier concentration from the Hall coefficient 
data in the temperature range 78-600 K in (44) and 78-800 K in (22). As 
the temperature of the sample is raised, mixed conduction by both 
electrons and holes will set in. Analyzing the Hall coefficient data 
becomes very complicated, especially when the band structure of the 
sample is not known in detail. Instead of Eq, (2.14), Eq. (2.12) or even 
a more complicated equation must be used. 
Fig. 7 shows the Hall mobility of electrons moving perpendicular to 
the c-axis, calculated from Eq. (2.13). The results are plotted as 
log jjjj versus log T in the temperature range 300 K to 78 K. The data can 
be fitted to a straight line for WSeg and MoSeg, and can be described 
very well by Eq. (2.15). The value of b in Eq. (2.15) can be obtained 
from the slope of the straight line, and is equal to 2.3-2.4 for WSeg 
and 2.5-2.6 for NoSeg in the temperature range under study. For WSg, the 
electron mobility has been measured from 213 K to 295 K. The data 
satisfy Eq. (2.15) in this temperature range with b ~2.4. The 
temperature dependence of the electron mobility for the two MoSg samples 
differs significantly. For the sample MoSg #52-R8, h '^ 2.6 from 295 K to 
28 
5000 
500 -
wsep • #49-ri 
A#49-R2 
• #50-RI 
Mo Sep+ #33-RI 
x#33-R2 
o # 33 
A #53 
R5 
RI 
v#53-R2 
.#51 -RI 
#51-R2 
Mo S? < #52-R2 
> #52-R8 
LOG T 
2.6 
Figure 7. Electron Hall mobility (l^) of single crystals of WSe^, 
MoSCg, WSg, and MoSg as a function of temperature 
29 
178 K, while the data for the sample //52-R2 cannot be described by 
Eq. (2.15) in this temperature range. The values of b for WSCg, MoSCg, 
and MoSg agree very well with those reported in (44), but in a different 
temperature range. In (44), b=2.6 for T ^ 300-600 K for MoSg, b=2.5 for 
T ^^250-600 K for MoSeg, and b=2.4 for T^J^O-600 K for WSeg. From the 
consistency of the Hall mobility data for different crystals of each 
compound, it was concluded that the electron mobilities were intrinsic 
properties of these compounds (44). The strong temperature dependence 
of the Hall mobility of these layered semiconducting transition metal 
dichalcogenides was explained by scattering of the current carriers by 
homopolar optical photons polarized parallel to the crystal c-axis (44). 
As pointed out by Wilson and Yoffe (2) and Hicks (21), the high exponent 
in Eq. (2.15) could arise if in the case of mixed conduction. In 
this work, the strong temperature dependence of the electron mobilities 
of WSCg and MoSeg are observed for temperatures down to 78 K, even for 
samples from different growth batches. For the samples of WS^ and MoSg 
//52-R8, it seems that their electron mobilities show similar temperature 
dependence as those of WSeg and MoSCg if the crystals are of better 
quality for MoSg and WSg. The conduction in these compounds is extrinsic 
below room temperature. Therefore, the high exponent observed here is 
real and is not due to an incorrect interpretation of the Hall effect 
data, as suggested in (2). Though the results favor Fivaz and Mooser's 
theory of carrier-optical phonon interaction in layered compounds (44), 
there is still some doubt, because the high exponent perr.ists rlo^m to 
liquid nitrogen temperature, at least for WCe^ and HoUeg. At low 
temperature, such that k^T <#Wp, where is l;hn optical phonon energy, 
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scattering of the current carriers by optical phonons may not be the 
dominant energy transfer mechanism. In (44), a simplified energy 
spectrum of the free carriers has been used to calculate the carrier 
mobility for layered structures. Moreover, a weaker temperature 
dependence of the carrier mobilities has been reported for these 
compounds below room temperature with b ~-l.5 (T>200 K) and ^ 1.5 
(T < 200 K) for p-WSe^ (45), b 1.5 (T < 330 K) for n-MoSCg heavily doped 
with Re (43), and b'\jl.4 (T < 350 K) for natural p-MoS^ (25), while 
strange behavior of the carrier mobility has been observed for synthetic 
single crystals of n-MoS^, n-MoSe^, and p-WSeg (22) because of poor 
crystal quality and/or sample preparation. The lower exponent reported 
for synthetic single crystals of n-MoSeg in reference (43) may be due to 
several scattering processes' taking place simultaneously. Scattering 
by impurities becomes important because of the relatively high impurity 
level (n ^3.6x10^^ cm ^  at 290 K). In the case of WSeg and MoSe^, the 
carrier concentrations reported in this work are close to those reported 
in (25). and (45), respectively, but the carrier type is different. It is 
not known whether the larger value of b observed for n-type WSe^ and 
MoSeg, compared with that for p-type materials below room temperature is 
an intrinsic property of the electron and the hole mobilities of these 
materials or is extrinsic, due to different methods of crystal prepara­
tion. Detailed band structure calculations and complete phonon spectra 
of these materials will help to understand the strong temperature 
dependence of their electron mobilities at low temperature and to clarify 
whether the different temperature dependence of the electron and hole 
mobilities in these layered materials is intrinsic or not. 
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Table II lists the resistivity and Hall effect data in this work 
along with some reported data for comparison. Early resistivity and/or 
Hall effect measurements were made mostly on natural single crystals of 
MoSg or synthetic polycrystals of WSeg, MoSeg, WSg, and MoSg prepared by 
hot-pressing a powder. Even with synthetic single crystals of these 
compounds, the reported data scatter in a wide range mainly because of 
different methods of crystal preparation, uncontrollable unknown 
impurities and other defects incorporated into the crystals during the 
growth process, and different approaches to analyze the experimental 
results. Unlike most of the well-studied semiconductors, such as Si and 
Ge, which can be prepared under precisely controlled conditions so that 
their intrinsic and extrinsic properties can be studied rather easily, 
the compounds WSe^, MoSCg, WSg, and MoSg are relatively impure and 
possess a large number of structural defects. Crystals of WSe^, grown 
with a suitable amount of Nb or As as dopant, were reported to be p-type. 
In this work, an attempt has been made to grow p-WSCg single crystals by 
adding 0.02 atomic percent of Nb or As to the charge. Arbitrarily 
selected crystals grown in this way turned out to be n-type. This 
suggested that the dopants were incorporated into the crystals in 
different manners. In view of all these factors concerning the quality 
of the crystals and their effects on the physical properties of these 
crystals, it is obvious that significant differences may exist among the 
reported results. Better understanding of the physical properties 
(intrinsic and extrinsic) of these layered transition metal 
dichalcogenides WSeg, MoSSg, WS^, and MoS^ requires a better method to 
prepare the crystals in a controllable manner. 
Table II. A summary of the electrical properties of WSeg, MoSeg, WSg, 
and MoS2 
Compounds Sample 
Preparation 
Carrier 
Type 
Carrier 
Concentration 
, -3. (cm ) 
Resistivity 
Pj^ (ohm-cm) 
(at 300 K) 
WSe. 
MoSe, 
WS, 
MoS, 
CI. 
Br, 
a 
c 
brg+re 
cl/ 
Cl„ 
a 
~d 
~d 
n 1 .1-1.3x10^^ 
n 5x10^^ 
P IxlO^G 
P . 1 .2-3.2x10^^ 
P 5x10^7 
n 0.7-1x10^^ 
n 3-6x10^^ 
n 5x10^6 
,„17 ,„18 
n 10 -10 
n 
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3.6x10 
n ~ 2x10^* 
P 
n 
1 5 
~ 8x10 
n 5-9x10^5 
P ~ 2x10^^ 
2.9-3.8 
1.2-1.3 
5 
0 .2 -2  
0.5 
0.6-0.9 
4-10 
~ 1.5 
0.42 
0.014 
1.1-1.5 
~ 6 
33-330 
3-100 
12 
(P[| = 2x10^) 
^Synthetic single crystals with or without transport agent (Clg, 
I^, or Brg) and with or without dopant (Re) as indicated. 
^Results in this work. 
Synthetic polycrystals by the method of hot-pressing a power. 
"^Natural crystals. 
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Activation Hall Mobility 
(cnf/v-sec) 
: (at 300 K) 
104-112,<330 K 145-173 2.3-2.4,<300 K b 
~ 105,<300 K 'x, 120 2.4,>120 K (44) 
94, ~ 160 -1.5,<200 K ; 1.5 ,>200 K (45) 
85±10 ,<300 K 110-120 2.68+0.18 ,>293 K (22) 
~ 190,<600 K (42) 
62-66 ,<300 K 95-110 2.5-2.6,<300 K b 
140±40 ,<300 K ~ 55 1.5,>293 K (22) 
^ 72 ,<350 K 140-210 2.5,>250 K (44) 
55 ,<300 K (43) 
25 ,<300 K ~ 25 1.5,<330 K (43) 
57-140,<300 K ~ 205 2.4,<300 K b 
40-180, (24) 
~ 100,<300 K 110-135 2.6,<300 K 
b 
235±10 ,<300 K ~ 42 1.5,>300 K (22) 
~ 90 ,<600 K ~ 150 1.4,<350 K (25) 
~ 80 ,<300 K (3) 
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CHAPTER III. PHOTOELECTROCHEMICAL SOLAR CELLS 
Introduction 
The photoelectric effect at a solid-electrolyte interface was first 
observed by Becquerel (46) in 1839. He found that when a silver chloride 
electrode in an electrochemical cell was illuminated, a voltage and an 
, electrical current were produced. This so-called 'Becquerel effect' was 
not well understood at that time. Not much work had been done until 
Brattain and Garrett (47) published a paper on 'Experiments on the 
Interface Between Germanium and an Electrolyte' in 1955. They showed how 
charge transfer occurred at the surface of a single crystal germanium 
electrode, both in the dark and upon illumination. With the high 
technology of crystal growth under precisely controlled conditions, they 
also showed how the charge transfer was influenced by properties of the 
semiconductor such as the doping level. Since then, research in this 
field has been mainly concentrated on understanding the charge and 
potential distribution of the semiconductor-electrolyte interface, the 
kinetics and the energetics of the charge transfer across this interface, 
and the photoeffects. Some of the important contributions to this basic 
understanding were made in studies on germanium by Brattain and Boddy 
(48,49) and Gerischer et al. (50), on silicon by Harten (51), on zinc 
oxide by Dewald (52), on cadmium sulphide by William (53), on gallium 
arsenide by Birintseva and Pleskov (54), and on titanium dioxide by 
Boddy (55). 
Around 1970, Honda and coworkers suggested that it was possible to 
apply a photoelectrochemical system with semiconductor photoelectrodes 
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to convert solar energy to chemical energy. Fujishima and Honda (56) 
demonstrated that water could be photo-oxidized into gaseous oxygen at 
an n-TiOg photoanode at a potential -0.5 V vs. SCE, significantly more 
negative than the standard redox potential of the H^O/O^ redox couple 
(Vredox'^®*^ V vs. SCE at pH=4.7) at a platinum electrode, and suggested 
that a suitable electrochemical system could be used to split water into 
hydrogen and oxygen by sunlight with or without an external applied 
voltage. However, the system they investigated is very inefficient 
because TiO„ is a large band-gap material (E '^3 eV) and its strong 
^ s 
absorption spectrum lies in the near ultraviolet region where the 
intensity is very low in the solar spectrum. Around 1975, research areas 
were broadened. Semiconductors of different band gap energies were 
studied, both in a photoelectrolysis cell (either to split water into 
hydrogen and oxygen or to produce chemicals) and photoelectrochemical 
photovoltaic cell (PEC) (to convert solar energy into electrical energy). 
In this chapter, only the latter is considered. 
The advantages of PEC over solid-state solar cells are: (i) the 
junction between the semiconductor and the electrolyte can be obtained 
easily, and no high technology is needed to fabricate the junction as in 
solid-state cells; (ii) many redox couples can be used as electron donors 
and/or acceptors, and the PEC performance can be optimized by choosing 
suitable redox couples. The big disadvantage is that photoelectrodes 
in a PEC are more readily subjected to photocorrosion. Most medium- and 
small-band-gap compound semiconductors are not stable in aqueous solution 
under illumination. From the molecular orbital viewpoint, a photoexcited 
electron leaves a hole behind. This is equivalent to weakening the 
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chemical bond which holds the atoms in the crystal together. Such atoms 
near the surface can react more easily with species in the electrolyte 
to form complex ions and leave the semiconductor surface. There are at 
least two methods to suppress this undesired reaction. One is to find 
a redox couple with its redox potential such that charge transfer between 
the electrode and this redox couple is energetically more favorable than 
the decomposition reaction of the electrode. An example was n-TiOg in 
aqueous electrolyte, in which oxidization of water to 0^ was energetical­
ly more favorable than that of the photoelectrode to 0^. However, 
consideration of energetics alone does not guarantee that the electrode 
will be stable. Experiments did show photocorrosion of n-TiO^ under 
high-level illumination (57). The kinetics must be taken into account. 
The other method is to modify the surface electronic structure of the 
semiconductor by treating or coating the electrode surface with chemicals 
which are believed to block the pathway of photocorrosion and/or to 
provide a better kinetics for charge transfer via the desired reaction. 
Parkinson et al. (58) treated the GaAs electrode with ruthenium. This 
improved the stability and the efficiency of the cell. Both methods have 
had a certain degree of success. 
In 1977, Tributsch (1) adopted another approach to tackle this 
problem. In searching for new materials which might be stable and 
efficient photoelectrodes in a photoelectrolysis cell, he concluded that 
the group VI semiconducting transition metal dichalcogenides, especially 
MoSg and WSg, would be the desired materials. Fig. 8 shows a schematic 
band diagram of these compounds (59). When illuminated with a photon of 
energy hv >Eg, an optical transition takes place from non-bonding d^2 
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orbitals in the valence band into non-bonding d and/or d 2 2 orbitals 
xy X -y 
in the conduction band without breaking chemical bonds. Electrodes with 
this property should be more stable in aqueous solution compared with 
polar semiconductors. They should be efficient for oxidizing water into 
oxygen because their absorption spectra match the solar spectrum very 
well and the kinetics for this reaction are better. Tributsch and 
Bennett (60) studied the electrochemistry and photoelectrochemistry of 
natural MoSg single crystals. They found that n^MoSg could indeed be 
used as photoanodes to oxidize water into oxygen. However, a reaction 
Intermediate, the hydroxyl radical, was so reactive that the electrode 
was oxidized simultaneously. The dominant net product was sulfate, not 
oxygen. Though these materials turned out to be unstable in a photo-
electrolysis cell, they should be stable and efficient photoelectrodes 
in a PEC if a suitable redox couple could be found. Tributsch et al. 
(61) studied the photopotentlal dependence of the PEC with WSeg, MoSeg, 
and MoSg as electrodes on different redox couples. They found that the 
photopotentials first Increased with increasingly more positive redox 
potentials, which were about a few tenths of a volt more positive than 
the flat-band potentials of the photoelectrodes, and then approached a 
limiting value for redox couples with redox potentials as positive as 
1.3 V (vs. NHE). However, the redox couple I /I^ made an exception to 
this trend and produced the largest photopotentlal among all the redox 
couples under investigation. They suggested that the existence of 
surface states within the band gap stabilized the Fermi level of the 
electrodes for redox couples of more positive redox potentials. The 
effect of I /Ig showed that the interaction between this couple and the 
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electrodes was very different from that of other redox couples. Fan 
et al. (62) studied WSCg while Fan and Bard (63) studied WSCg and MoSCg 
by means of capacitance and voltammetry measurements of these electrodes 
in aqueous electrolyte with different redox couples. They found similar 
results and suggested a recombination model through surface states within 
the band gap. 
The electrodes are stable in a PEC only if the electrode surface is 
a well-cleaved van der Waals surface free from sub-miproscopic defects. 
Surfaces with defects such as steps and dislocations were identified as 
recombination sites by Furtak et al. (64) with an in-situ scanning laser 
spot system, and by Lewerenz et al. (65) with electron beam induced 
current (EBIC) technique. In order to suppress the current loss through 
these recombination sites, Parkinson et al. (66) treated the electrode 
with 4-tert-butylpyridine, while White et al. (67) electrochemically 
deposited a polymer of 0-Phenylenediamine on the electrode surface. Both 
approaches turned out to improve the open circuit voltage, the short 
circuit current, and the fill factor of the PEC. The question is how 
long these chemicals remain on the electrode surface. Besides the 
recombination loss through steps and dislocations on the electrode 
surface, other crystal defects also have an important influence on the 
performance of the PEC. Among them was inhomogeneous impurity distribu­
tion. Menezes et al. (68) found that both n-type and p-type macroscopic 
domains could coexist in a smooth single crystal tungsten diselenide 
photoelectrode and led to substantial efficiency loss in these crystals. 
Etmen et al. (69) observed that a single crystal of WSCg grown 
without a transport agent also exhibited impurity inhomogeneity. PEC 
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made of these electrodes showed small photocurrents but abnormally high 
photovoltages, sometimes larger than the band gap. In spite of all these 
complications, high efficiency PEC had been demonstrated by Fan et al. 
(70) with WSsg photoelectrodes in IM KI/0.025M 1^ solution with a 
solution path of 1 cm between the window and the sample. They obtained 
2 
about 14% power conversion efficiency under 150 mW/cm of red light 
illumination without correction for losses by reflection from the 
electrode surface and by solution absorption. It seems that the quoted 
2 
short-circuit current ( 'A /ô S  mA/cm ) is too high because strong absorption 
started at about 700 nm towards shorter wavelengths for this solution, as 
observed by a transmission measurement with a Gary spectrophotometer. 
Solar-to-electrical conversion efficiency of 10.2% for WSeg and 9.4% for 
MoSeg photoanodes were also reported by Kline et al. (71). 
Another factor which will affect the performance of a PEC is whether 
the photoelectrode is a direct or an indirect band gap material. For an 
indirect band gap material, the absorption coefficient is relatively 
small near the fundamental absorption edge so that photons of energy 
hv >E^ penetrate very deep into the electrode. Electron-hole pairs 
generated by these photons will mostly recombine. It was suggested that 
the compounds MoSe^ and MoSg had indirect band gap (6) from transmission 
spectrum measurements. Transmission spectra also have been studied for 
WSCg (2,8) and WS^ (2), but no discussion was made on the nature of the 
fundamental absorption edge of these two compounds. 
The fact that surface defects act as recombination sites for photo-
generated electron-hole pairs and as photocorrosion sites rules out the 
possibility of employing polycrystalline group VI semiconducting 
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transition metal dichalcogenides as photoelectrodes in a PEC. Ginley 
et al. (72) investigated hot-pressed polycrystalline WSCg photoelectrodes 
while Djemal et al. (73) studied polycrystalline and thin film MoSg photo­
electrodes. Both observed a solar cell efficiency much lower than those 
of corresponding single crystal electrodes, as expected. 
Theory 
Semiconductor-electrolyte interface 
When a semiconductor is in contact with an electrolyte, due to the 
difference in electrochemical potentials between the two phases, electrons 
will transfer from the phase of higher electrochemical potential to that 
of the lower one until equilibrium is established. According to Dewald 
(74), the interface is divided into three regions: (i) the space charge 
region (SCR) within the semiconductor; (ii) the diffuse ionic-space-
charge region (Gouy layer); and (iii) the Helmholtz region on both sides 
of the phase boundary. The thicknesses of the first two regions are 
characterized by their Debye lengths, L^, defined as 
E. Ek T i 
] , (3.1) 
" "b 
where is the permittivity of vacuum, e is the dielectric constant of 
the medium (semiconductor or electrolyte), kg is Boltzmann's constant, 
T is the absolute temperature, and n^ is the majority carrier concentra­
tion in the bulk of an extrinsic semiconductor (or the intrinsic carrier 
concentration for intrinsic semiconductor) or the ionic concentration of 
the bulk electrolyte. For an extrinsic semiconductor with a doping level 
of 10^^ cm~^ and with e=10, ^lO"^ cm. For a IM electrolyte solution. 
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n cm and '\'10  ^cm if e is taken to be 80. The structure of 
the Helmholtz layer is not well-understood. Its width is assumed to be 
determined by the size of the solvated ions, which is of the order of a 
few angstroms. Therefore, the Helmholtz layer and the Gouy layer overlap 
and can not be distinguished for concentrated electrolytes. The excess 
ionic charge, counter to the space charge in the semiconductor, is 
considered to be located on the so-called 'Outer Helmholtz Plane' (OHP), 
the plane of the closest approach of solvated ions to the semiconductor 
surface. If the interface is simulated as a series of two diffuse 
parallel plate capacitors, the capacitance of the Helmholtz layer is • 
large compared to that of the space charge layer. Any external applied 
voltage will fall mainly across the space charge layer in the semi­
conductor as long as the semiconductor surface remains non-degenerate. 
This is a good approximation if there are no surface or interfacial 
states on the semiconductor surface. In the presence of surface states, 
the situation is much more complicated. Myamlin and Pleskov (75) 
suggested that if the density of surface states, N^, is lower than 
12 -2 
10 cm , the applied potential still falls mainly across the space 
charge region. A model for the structure of the semiconductor-
electrolyte interface is schematically shown in Fig. 9 for an n-type 
semiconductor with a depleted space charge layer. 
The theory of the space charge region at a semiconductor surface has 
been given by Schottky (76), Mott (77), and Garrett and Brattain (78). 
Garrett and Brattain derived equations for the field and electrostatic 
potential within the space charge region by solving the one-dimensional 
Poisson equation with the following assumptions; (i) the charge distribu-
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Figure 9. Schematic diagrams for (a) the structure of the semiconductor-
electrolyte interface, (b) potential distribution, and (c) 
charge distribution of the system shown in (a) 
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tion can be described by a Boltzmann distribution function (non-degenerate 
case); (ii) the semiconductor bulk is electrically neutral and field-
free; and (iii) all impurities are completely ionized and immobile. The 
potential gradient #(x) can be written as 
= {—[ (e^-D+Zk (ey_i)+(fk _i)y ] }2 , (3.2) 
3x 
y  =  ]  ,  ( 3 . 3 )  
where (j)(x) is the potential at a point x away from the semiconductor 
surface, (j)^ is the potential in the semiconductor bulk, n^ and p^ are the 
electron and hole densities in the bulk, respectively. For an n-type 
semiconductor with n^>>n^»Pj^, where n^ is the intrinsic free carrier 
density under depletion conditions, the electric field at the semi­
conductor surface, E^, can be written as 
9<j)(x) 
E = 
s 9x 
= - [ / , (eT - Y - 1) r , (3.4) 
x=0 o ^  
^ " kj •sc • V - •b' • (3-5) 
where cj)^^ is the potential drop across the space charge region and (()^ is 
the potential at the semiconductor surface. The space charge per unit 
area, is given by 
1 
Y 9 
Q = - E EE ~[2n.kaTE E (e - Y - 1) ] . (3.6) 
se os b B o 
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The differential capacitance of the space charge per unit area is defined 
as 
Eq. (3.7) is given by Dewald (79). For <-0.1 V, 
e een k T i 
l' • (3.8) 
Eq. (3.8) is just the Mott-Schottky approximation. The width of the 
depletion layer, W, can be estimated by 
„ . < ,5 . (3.9) 
g"b 
However, the galvani potential of the interface cannot be measured 
absolutely (80). The semiconductor electrode, V, has to be measured with 
respect to a reference electrode, usually the normal hydrogen electrode 
(NHE) or a saturated calomel electrode (SCE) and can be written as 
V = *ac + , (3.10) 
where is the potential across the Helmholtz layer and is the 
potential difference between the electrolyte and the reference electrode, 
which is kept constant. Other sources of potential drop, such as 
potential drop across the metal-semiconductor ohmic contact, the bulk 
semiconductor, and the electrolyte are assumed to be negligible. When 
the semiconductor electrode is so biased that no potential difference 
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appears across the SCR , the electrode potential is called the 
flat-band potential (V^^) at which the energy bands of the semiconductor 
are flat up to the surface. If the assumption is made that a change in 
the electrode potential by external sources mainly occurs in the space 
charge region, then at any electrode potential V, Eq. (3.10) becomes 
v - vfb = 
Substituting Eq. (3.11) into Eq. (3.8) yields Eq. (3.12): 
• t ràr (v - vfb -
-2  
A plot of C versus V will give a straight line. The flat-band 
potential, can be obtained from the intercept with the electrode 
potential axis, while the impurity level, n^ (=Np), is obtained from the 
slope. Such a plot is called the Mott-Schottky plot. 
By analogy with the energy levels in a solid, Gerischer (81) 
introduced the concept of electron energy levels of ions in an 
electrolyte. Considering the reaction 
[ O^solv ] + G- Î [ Red^^^^ ] , (3.13) 
Gerischer defined the energy of the occupied states (reduced species) as 
the energy change when an electron was removed to infinity from its 
ground state (its most probable occupied state) in the reduced species 
without changing the solvation structure. The energy of the empty states 
(oxidized species) was defined as the energy change for the reverse 
reaction. However, the solvation structures of the redox species must 
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relax after the electron transfer process. The strong interaction of the 
redox species with the solvent produces a difference in the energy 
positions of the occupied and unoccupied states. Moreover, the solvation 
structures of the redox species change with time because of thermal 
fluctuations. Gerischer (82) derived the distribution functions for the 
occupied states, W^^(E), and the unoccupied states, This 
concept is very convenient to use when describing the relative energy 
position of the semiconductor-electrolyte system and the charge transfer 
across the interface. With this concept, the Fermi level of the 
electrolyte is defined as 
•^F.redox " I < \ed ^  
where (E^^) is the energy of the most probable occupied (unoccupied) 
state of the redox couple. E„ , is identical to the electrochemical 
F,redox 
potential of the electrolyte, measured with respect to the vacuum level, 
and is related to the redox potential, by 
®F,redox " " = "redox ' 
In electrochemistry, the redox potential of a redox couple is measured 
with respect to the normal hydrogen electrode (NHE). The redox potential 
of the redox couple H /H^ is taken as the zero reference of the redox 
potential of other redox couples. The term const, in Eq. (3.15) is in 
fact equal to the Fermi level of the redox couple H^/H^ and is approxi­
mately equal to -4.5 eV (83). The Fermi level of the semiconductor, E^, 
is related to the electrode potential, V, measured versus the NHE by 
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Ep = const. - e V . (3.16) 
At equilibrium, = E^ and the electrode potential assumes the 
redox potential of the redox couple, i.e., V = At flat band 
condition, E^ = E^ and V = V^y. The band bending (E^) can be defined 
as the difference of the conduction (valence) band edges betweeen the 
semiconductor surface and its bulk in equilibrium and can be written as 
\ " ^F,fb " S,redox ' (3.17) 
Fig. 10 shows a schematic energy band diagram of an n-type semiconductor-
electrolyte system such that a depletion layer is formed in equilibrium, 
along with the energy scales usually used in solid state physics and in 
electrochemistry. Assume that (j)^ is independent of the electrode 
potential. Then the energy positions of the band edges are fixed relative 
to the electrolyte. Once the flat-band potential is known, the positions 
of the band edges at the surface relative to E_ , can be obtained 
F,redox 
from Eq. (3.17) and 
bc.s - • "b ^ > • <3.18) 
\ • ".19) 
where E (E ) is the conduction (valence) band edge at the semi-
c,s v,s 
conductor surface and N is the effective conduction electron concentra-
c 
tion. In the presence of surface states (intrinsic or interfacial due to 
ions specifically adsorbed on the semiconductor surface), (f)^^ will depend 
strongly on electrode potential. The simple relationship between the 
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Fig. 10 Schematic energy band diagram of an n-type semiconductor-electrolyte system 
such that a depletion layer is formed in equilibrium, along with the energy 
scales usually used in solid state physics and in electrochemistry. E* (E^) 
and Ep are the conduction (valence) band edge and the Fermi level at flat 
band condition, respectively. 
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space-charge capacitance and the electrode potential (Eq, (3.12)) may no 
longer hold. The band edges may no longer be fixed with respect to the 
electrolyte, but move up or down if the Fermi level is pinned by the 
surface states. 
Charge transfer across the interface 
When the equilibrium condition of the interface is disturbed, the 
charge and potential distribution in the semiconductor will be changed 
and charge will flow across the interface. Dewald (74) applied rate 
theory to the semiconductor electrode and derived the current-voltage 
expression by considering the redox reaction at the semiconductor-
electrolyte interface. The reaction with electron transfer via the 
conduction band from or to the electrolyte is 
k 
Ox + e"-3 Red , (3.20) 
and the current is given by 
^n = \n [Red], - [Ox]^ n^ , (3.21) 
and can be written as 
n -en/k T 
• 'no < 1 ' • l„o < 1 = > • »•") 
while the reaction with electron transfer via the valence band is 
k , 
Ox Red + h , (3.23) 
^cp 
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and the current Is 
(3.24) 
and can be written as 
en/kgt 
1 ) (3.25) 
where the k's are the rate constants for the reactions, e.g. is the 
rate constant for an oxidized species at the interface to be reduced by 
an electron from the conduction band. The subscripts a (c) and n (p) 
stand for anodic (cathodic) process and electron transfer via conduction 
(valence) band. [Red]^ ([Ox]^) is the concentration of the reduced 
is a hole in the valence band, n^ (p^) is the free surface electron 
(hole) concentration while n^^ (p^^) is the same quantity in equilibrium. 
i (i ) is the exchange current via the conduction (valence) band. r| 
no po 
is the overvoltage. The magnitude of the exchange current depends on the 
kinetics of the reaction, the relative position of the band edges and the 
Fermi level of the redox couple, and the band gap energy. Generally, i^^ 
and ip^ are not equal and may differ by several orders of magnitude, 
especially for extrinsic semiconductors where the i-V characteristics 
show rectifying properties. Gerischer (83) described the electron trans­
fer process as electrons transferred between states of equal energy obey­
ing the Frank-Condon principle: the atomic or ionic movements are slow 
compared with the fast electron transfer process and the atomic (ionic) 
structure remains unchanged during the transfer time. The current is 
(oxidized) species at the interface, e is a conduction electron and h^ 
'")2 
i = e ^v^(E) Pg(E) g(E) dE - e ^ v_(E) n^(E) D^^g(E) dE , (3.26) 
where the first term on the right is the anodic current while the second 
term is the cathodic current. v^(E) and v (E) are the electron transfer 
probabilities of the anodic and the cathodic process, respectively. The 
subscript s stands for quantities at the semiconductor surface. For a 
nondegenerate semiconductor, most free electron (hole) carriers are 
distributed very close to the conduction (valence) band edge, within an 
energy range of a few k^T. Eq. (3.26) can be simplified to a form 
similar to that obtained by Dewald (74). With this approach, it is 
obvious that electrons transfer mainly via the conduction (valence) band 
if there are plenty of oxidized (reduced) species in the electrolyte with 
E^^ (E^^j) close to the conduction (valence) band edge. The theory 
agrees with experimental results for some cases. If the theory is 
applied to a metal electrode, it predicts a non-linear Tafel relation 
which has not yet been observed experimentally (A Tafel relation is 
linear if the current depends exponentially on the overvoltage). There­
fore, this theory can be used to describe electron transfer only qualita­
tively. 
If a dark n-type semiconductor electrode is Illuminated with photons 
of energy greater than the band gap energy, electrons will be excited 
from the valence band to the conduction band. For an n-type semiconductor, 
both the majority and minority carriers are increased upon illumination. 
However, the minority carriers can increase relatively by many orders of 
magnitude while the majority carriers increase relatively little. The 
photoeffect is basically associated with the minority carriers. The 
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theory of the current-voltage relation of the illuminated semiconductor-
electrolyte system has been given by several authors. Because of the 
complicated electron transfer process, different assumptions are made to 
simplify the problem. The general problem is to find the surface carrier 
(electron and hole) concentration by solving the diffusion equation with 
appropriate boundary conditions. Part of the surface carriers will be 
lost by surface or space-charge layer recombination and the rest are 
assumed to react with the redox species and contribute to the photo-
current. The diffusion equation for holes at steady state is 
dx B p 
where D is the diffusion coefficient for holes, T is the hole lifetime, 
P P 
p^ is the density of holes in the dark, g(x) is the generation function 
for electron-hole pairs under illumination, (f)(x) is the potential at x. 
Assume that g(x) coincides with the density of the energy dissipated on 
light absorption. Then g(x) can be written as 
g(x) = a Ig e , (3.28) 
where a is the absorption coefficient of the semiconductor and is the 
incident photon flux. A similar diffusion equation can be written for 
electrons. Dewald (74) made use of the quasi-equilibrium approximation 
and assumed that all incident light was absorbed in the SCR without 
recombination and there was no concentration polarization in the electro­
lyte, A relatively simple relation between the current and overvoltage 
is obtained. In spite of the simplicity of this model, Dewald did show 
54 
that the i-V characteristic had the rectifying property and the saturated 
current did depend linearly on the light intensity. Myamlin and Pleskov 
(75) followed Gartner's derivation (84) of photocurrent for a Schottky 
barrier by assuming that non-equilibrium holes did not recombine in the 
SCR and the following boundary conditions were selected, 
p(x) = p^ for X = 00 (3.29) 
p(x) = 0 for X = W , (3.30) 
where Wis the width of the SCR. Then the photocurrent can be written as 
—otW 
ip - » =0 < 1 - îvîsr > • "-3" 
where is the diffusion length for holes. Eq. (3.31) clearly shows the 
linear dependence of the photocurrent on the light intensity. Butler 
(85) adopted the same approach to study the photocurrent in the weak 
absorption case (aW«l and aLp«l). A simple relation between ip and a 
was obtained: 
ip = e I aL . (3.32) V op 
He used Eq. (3.32) to predict the nature of the fundamental absorption 
edge of the semiconductor. Laser and Bard (86,87) used a computer to 
simulate the photoprocess in the depletion layer. This approach may be 
valuable because the photocurrent-voltage relation for the semiconductor-
electrolyte system in the general case is too complicated to handle and 
difficult to compare with experimental results. Wilson (88) includes 
surface recombination in the derivation and selected the boundary 
55 
conditions as 
P(x) = Py for X = ®° (3.33) 
- D 4M. = s 
p dx p 
for X = 0 (3.34) 
where was a parameter determined by the properties of the depletion 
layer and the mechanism of the disappearance of holes (recombination and 
charge transfer) at the interface. Reichman (89) included the effect of 
SCR recombination in his derivation. Both obtained complicated photo-
current-voltage relations. Reiss (90) considered the problem rather 
generally and obtained very complicated expressions; even he still 
assumed that recombination in the SCR was negligible and no concentration 
polarization occurred in the electrolyte. Unlike most investigators, he 
included the kinetics of the redox reaction explicitly when deriving the 
result. 
Though the theory of the photocurrent across the interface is far 
from perfect, it seems that there is no point in pursuing a general 
photocurrent-voltage relation because there are so many parameters in the 
general expression and only the current and electrode potential are 
measured in the experiment. Experiments can always be designed such that 
some of the assumptions and boundary conditions mentioned in the previous 
paragraph can be satisfied. 
Principles of regenerative PECs 
A PEC with an n-type semiconductor electrode and its band diagram in 
the dark and upon illumination are schematically shown in Fig. 11. The 
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Figure 11. Schematic diagrams of (a) a PEC and (b) its 
energy band diagram such that the dark electrode 
has a depletion layer in equilibrium. 
dark and illuminated 
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basic requirement in a PEC is that a depletion layer is formed in an 
unilluminated semiconductor electrode when in contact with an electrolyte 
containing an appropriate redox couple so that its Fermi level is lower 
than that of the semiconductor. According to Gerischer (91), the maximum 
photopotential, V , can be written as p,max 
^p,max " \ ~ ^ '^F,fb " ^ F,redox ^ ^ ^ • (3.35) 
The closer E^ is to the valence band edge, the larger the photo-
potential. Experimentally this is not always true and surface states are 
assumed to play a role. To explain the discrepancy that the maximum 
photopotential of a PEC did not satisfy Eq. (3.35), Frank and Bard (92) 
suggested a recombination model through surface states, while Bard et al. 
(93) suggested a Fermi-level pinning model via surface states. 
In order to improve the current efficiency, fast kinetics of the 
redox reaction are desirable. Because the electron transfer process is 
assumed to be isoenergetic, electrolytes with redox species with the most 
probable occupied states close to the valence band edge will provide a 
higher transition probability for electron transfer via the valence band. 
However, the closer the redox potential to the valence band edge, the more 
probable it is that the electrode will be subjected to photocorrosion. 
It was found experimentally that in some cases faster charge transfer 
processes occurred for redox couples with redox potentials somewhat above 
the valence band edge (94). Isoenergetic charge transfer would suggest 
that 'surface states' within the band gap mediate the charge transfer 
process. 
When the semiconductor is illuminated, electron-hole pairs are 
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generated which will contribute to the photocurrent if the holes can 
reach the surface and receive an electron from the reduced species of the 
redox couple. Electron-hole pairs generated within the SCR are most 
readily separated by the built-in electric field of the depletion layer-
holes are driven toward the surface while electrons are driven into the 
bulk. Recombination in the SCR should be negligible if there are not 
many defects, deep traps or recombination centers, or if the illumination 
intensity is not too high. Electron-hole pairs generated outside the SCR 
may contribute to photocurrent if the minority carrier diffusion length 
-1 is long enough. For Lp>a , the holes may diffuse into the SCR where 
they will be driven toward the surface. To minimize recombination losses 
in the semiconductor, the SCR should be wide enough such that most of the 
incident light is absorbed within this region. From Eq. (3.9), this 
requires a lower doping level of the semiconductor. However, a less 
highly doped semiconductor will have higher resistivity and longer diffu­
sion lengths. The former is detrimental while the latter is beneficial 
to the solar cell performance. A compromise of all these factors requires 
semiconductor electrodes with doping levels in the range of 10^^-10^^ cm 
Fast kinetics for electron transfer process will also minimize surface 
recombination losses. Moreover, an efficient cell should have a strong 
absorption spectrum which matches the solar spectrum. Hovel (95) showed 
that an efficient solid-state solar cell required a band gap energy of 
the semiconductor in the range of 1-2 eV under ideal conditions. The 
performance of a PEC can be characterized by four parameters: open-
circuit voltage (Vg^), short-circuit current fill factor (ff), and 
illumination level (1^). The first three parameters characterize the 
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properties of the photoelectrode and the electrode-electrolyte interface, 
and the charge transfer process across the interface. The fill factor is 
defined as the ratio of the maximum power output of the PEC to the 
product of its open-circuit voltage and short-circuit current. Ideally, 
the fill factor is equal to unity, but is less than unity for a practical 
PEC beacuse of recombination losses of the photo-generated electron-hole 
pairs. The efficiency of a PEC is defined as the percentage of the 
incident light power which can be converted into electric power. 
An efficient PEC should also be completely stable in a practical 
sense. However, almost all semiconductor electrodes are not stable in 
aqueous solution under illumination. 'Stable' means that the photoeffect 
of the electrodes can last for years without degradation. Although the 
decomposition of the electrodes is not a reversible process, Gerischer 
(96) and Bard and Wrighton (97) introduced the concept of a thermodynamic 
redox potential to the decomposition reaction obtained from thermodynamic 
data. The Fermi energy for the decomposition of the semiconductor by 
holes ( Ej ) or by electrons ( E, ) can be defined similarly to p decomp •' n decomp 
that of the electrolyte. The condition for thermodynamic stability is 
E, > E and E, < E . (3.36) 
n decomp c,s p decomp v,s 
When this condition is not satisfied, the electrons may be subjected to 
photocorrosion by electrons, by holes, or both. Generally speaking, 
photodecomposition of the electrodes is a multi-step reaction in which 
one of the intermediate reaction steps requires a higher activation 
energy and is the rate-determining step. This will improve the stability 
of the electrodes. A thermodynamically unstable electrode can also be 
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stabilized by selecting an appropriate redox couple which is a better 
scavenger for the photo-generated minority carriers than the semiconductor 
itself. 
In order that the PEC can operate continuously, the chemical 
composition of the electrolyte should not be changed. This requires that 
a reaction reverse to that occurring at the photoelectrode proceeds at 
the counter electrode. The composition of the electrolyte then remains 
the same by diffusion and by migration. Such a PEC is called a regenera­
tive photoelectrochemical solar cell. 
Experiments 
Electrode preparation 
Single crystals of transition metal dichalcogenides were carefully 
removed from the transport tube. Because of the geometry of the tube and 
the growth directions of the crystals, most of them possessed macroscopic 
defects. The methods of cutting and cleaning the crystals were the same 
as mentioned in Chapter II. 
An ohmic contact was made between one of the van der Waals surfaces 
of the crystals and a copper disk. At the beginning of this research, an 
ohmic contact was made by applying a small drop of highly conducting 
silver paint between the crystal and the copper disk, and letting the 
silver paint dry in air or vacuum. As the research went on, it was found 
that contacts prepared in this way were not always ohmic. Consequently, 
indium was used to solder the crystal to the copper disk with an ultra­
sonic soldering gun in an argon atmosphere. The contact was always 
ohmic. A heavy copper wire was threaded to the copper disk as the 
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electrical lead. 
The crystal was carefully cleaved by using a piece of Scotch tape to 
touch the other van der Waals surface gently and to lift the layer off. 
If the crystals possessed only a few stacking faults or dislocations, as 
did most of the WSCg and MoSeg single crystals, they could be cleaved 
easily to give very smooth surfaces. By a smooth surface is meant that 
the cleaved surface was free from macroscopic defects. If the quality of 
the crystals was not so good, i.e., some screw dislocations could be seen 
on the crystal surface, the above procedure had to be repeated many times 
in order to get a reasonably well-cleaved surface. Sometimes it was 
helpful to lift the layers up a little by tapping, then using fine-
pointed tweezers to cleave the complete layers. For crystals with many 
stacking faults and dislocations, as the MoSg crystals, it was very 
difficult to obtain a well-cleaved surface no matter how carefully the 
crystals were cleaved. 
The copper disk was fitted into a 8 mm pyrex glass tubing. Torr 
Seal epoxy or Bipax BA-2126 epoxy resin was used to cover the copper disk 
and part of the crystal so that only the desired working surface of the 
crystal was exposed to air. The Bipax epoxy resin proved to be resistive 
to chemical attack by iodine for months. The epoxy resin set and cured 
in a vacuum oven for 24 hours. 
Electrochemical cell 
The electrochemical cell used in this work is shown in Fig. 12. It 
was made out of a piece of teflon rod of diameter 2 inches. A quartz 
window was fitted into an opening on the front side of the rod. A 
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Figure 12. Electrochemical cell used in the photocurrent spectroscopy and the 
PEC experiments, along with the teflon sample holder 
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chemically inert Parker 0-ring was placed between the rod and the window 
to provide a liquid seal. The window was held tight against the 0-ring 
by a stainless steel collar which was kept in position by three set 
screws. A quartz window was used because it was optically transparent 
in the working spectral region from the near infrared to the near ultra­
violet, and showed excellent chemical resistance. 
1 
The sample, which was fitted into a inch glass-rolled teflon 
cylinder, was inserted from the back of the cell. The crystal surface 
was placed at a distance about 1 mm from the window to keep the optical 
path of the incident light through the solution as short as possible, 
which minimized intensity loss by solution absorption, but also to contain 
a sufficient amount of the reacting species in the solution to ensure fast 
charge transfer across the interface. On the top of the teflon rod there 
were four holes connected to the solution chamber. Two of them were for 
the saturated calomel reference electrode (SCE) and the platinum counter 
electrode respectively. The other two were for the nitrogen gas inlet and 
outlet. The counter electrode, a platinum wire spot-welded to a cylindri­
cal platinum mesh, was almost concentric with the sample so that the 
current flow would be symmetrical. The surface area of the counter 
electrode was large compared with the crystal surface to ensure that a 
negligible concentration polarization effect occurred at the counter 
electrode. The cell was mounted onto a horizontal rotational stage with 
the axis of rotation lying-within the crystal surface. With this arrange­
ment, the angle of incidence could be changed easily. 
The electrolyte was prepared with analytical reagent-grade chemicals 
without purification and triply-distilled water which was first distilled 
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from a 5 mM KMnO^ and 33 mM NaOH solution to oxidize any organic molecules 
present in the water. Several redox couples were used to prepare the 
electrolytes. It was found that the redox couples I /Ig and Br /Brg 
provided the best results as far as solar efficiency was concerned. The 
concentrations of the reduced and oxidized species in the electrolyte 
were chosen to optimize the solar cell performance parameters. 
Photocurrent measurement 
A schematic diagram of the experimental set-up is shown in Fig. 13. 
The spectral range of interest spans the near infrared to the ultraviolet. 
A tungsten-halogen lamp is the ideal light source to use. However, its 
intensity is very low in the near ultraviolet. A high-pressure xenon arc 
lamp was used in this spectral region. Photocurrent measured in the 
overlapping spectral region of these two different light sources provided 
a check of consistency. The lamp was mounted in a Schoeffel LH151N lamp 
housing. A UV-transmitting fused silica lens (f/1.5) in a lever-operated 
focusing sleeve focused the light onto the entrance slit of a Schoeffel 
GM250 high intensity quarter-meter grating monochromator with an f/3.6 
aperture. A diffraction grating blazed at 1200 nm with a dispersion of 
3.3 nm per mm of slitwidth was used in the near infrared region while 
another grating blazed at 240 nm, whose dispersion is double, was used in 
the visible and ultraviolet region. In this work, both the entrance and 
the exit slits were set at a width of 1.5 mm so that the spectral resolu­
tion was about 10 nm in the near infrared and about 5 nm in the visible 
and ultraviolet region. A He-Ne laser and four of the mercury emission 
lines in the visible region were used to calibrate the monochromator 
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Figure 13. Schematic diagram of the experimental set-up for 
photocurrent spectroscopy measurement 
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drive. For the grating blazed at 1200 nm, the second-order diffraction 
of these lines was used. The monochromator drive was found to be 
essentially linear in wavelength, as mentioned in the owner's manual. 
An Ortec 9479 light chopper was used to modulate the light intensity 
incident on the sample so that the photocurrent could be detected by the 
phase-sensitive signal-averaging technique. It turns out that the photo-
current signal is very quiet for a stable electrode no matter what chop­
ping frequency is used. A chopping frequency of 47 Hertz was used in 
this work. Following the light chopper, a quartz lens of 10 cm focal 
length and f/1.5 aperture was used to focus the light onto the sample 
2 
with the beam size slightly smaller than 0.04 cm so that it fitted into 
the sensing area of the light detector. Oriel glass filters were used to 
filter out the unwanted second-order diffracted light from the mono­
chromator. A polarizer could be placed just in front of the electrochem­
ical cell to study polarization effects on the photocurrent. The cell 
was so positioned that the incident light hit the sample normally. The 
angle of incidence could be changed by rotating the cell about a vertical 
axis which was in the plane of the sample surface. 
Prior to photocurrent measurements, the i-V characteristics of the 
sample in the cell were measured, both in the dark and upon illumination, 
to see how good the junction was, as far as solar cell performance was 
concerned. Then photocurrent was measured by controlling the electrode 
potential potentiostatically with a PAR 174A polarographic analyzer, both 
in a two- and a three-electrode cell configuration. The current measured 
with the current-to-voltage converter of the polarographic analyzer was 
fed into an Ithaco Dynatrac 391A lock in amplifier (LIA) with a synchronous 
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output from the chopper as the reference signal. The analogue output of 
the LIA was fed into a analog-to-digital converter of a Digital mini­
computer which served to monitor the monochromator drive and data 
acquisition. A complete photocurrent spectrum from 1200 nm to 300 nm was 
obtained as follows. The photocurrent was measured from 1300 nm to 720 nm 
with the grating blazed at 1200 nm and an infrared-transmitting Oriel 
772-7000 glass filter. The grating had to be changed when working in the 
visible and the UV region. Photocurrent from 800 nm to 400 nm was 
measured with a visible-transmitting Corning CS3-73 glass filter and from 
440 nm to 300 nm with a UV-transmitting Corning CS3-54 glass filter. The 
incident photon flux spectrum, as mentioned below, was measured in a 
similar way. Then the quantum yield spectrum was calculated for these 
three spectral regions. The complete quantum yield spectrum from 1300 nm 
to 300 nm was obtained by matching the overlapping spectra in these three 
separate spectral regions. 
Photon flux measurement 
The experimental setup was very similar to that for photocurrent 
measurements. The only difference was to replace the electrcchemical 
cell by a cell filled with a working solution of the same path length and 
a light detector and to replace the potentiostat by an amplifier. To 
optimize the signal-to-noise ratio, a low chopping frequency (<10 Hz) had 
to be used. Three different light detectors have been used and similar 
results obtained within experimental error. The first was a photoacoustic 
cell constructed from a piece of plexiglass with two interconnected 
chambers and an air-tight transparent quartz window. One chamber 
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contained the sensing material, carbon black, while the other contained 
a,sensitive microphone with an amplifier. Ifhen light energy was incident 
on the sensor, it was absorbed and turned into heat. This produced a 
change in the gas pressure inside the chambers and the microphone detected 
such changes. The sensitivity of the cell was approximately constant in 
the spectral range of interest and the sensing area could be as large as 
2 
1 cm . The second was a thermopile detector with a low-noise amplifier 
made by Dexter Research Center. The spectral sensitivity was flat from 
the infrared to the ultraviolet. However, the sensing area was only 
2 
2x2 cm . The third was a model 60-530 radiometer by Métrologie Instru­
ments, Inc. which used a silicon Schottky diode. After correcting for 
smaller structure in the spectral response curve, it gave basically the 
same result as those from the first two detectors. 
The power of the incident light at a wavelength corresponding to the 
He-Ne laser line was measured by the radiometer which was calibrated to 
measure the actual power of that wavelength. By assuming that the 
spectral response of the photoacoustic cell or the thermopile was 
approximately constant over the spectral region of interest, the incident 
photon flux at other wavelengths could be calculated by simple propor­
tion. During the experiment, the incident power spectra was measured 
from time to time to ensure that the power fluctuations of the lamp were 
negligible. 
Solar cell measurement 
For monochromatic illumination, three different laser light sources 
have been used, A low power He-Ne laser (632.8 nm), and high power kr"*" 
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(647.1 nm) and argon lasers (514.5 nm) were used. The laser beam was 
2 defocused to a beam size of about 0.04 cm which would fall within the 
sample surface. The cell was fixed onto an XY stage with three set screws. 
This arrangement kept the sample position relative to the incident beam 
unchanged because the cell had to be removed, either for changing the 
solution or for measuring the incident laser power during the experiment. 
The incident laser power could be varied by.neutral density filters and 
was detected by a Métrologie radiometer. Incident power as high as 30 mW 
was used. The electrode potential was controlled by a Pine Instrument 
Company potentiostat and the cell current was measured by a current-to-
voltage converter in the potentiostat. The i-V characteristics of the 
cell were plotted by an HP XY recorder. For the actual output power 
measurement, a variable resistor was connected between the sample and the 
counter electrode. The photocurrent and voltage of the cell were 
measured with an ammeter and a voltmeter respectively. 
For solar illumination, the i-V characteristics of the cell were 
measured outdoors with the same electrodes. The solar power was measured 
with an Eppley Model PSP radiometer which was designed especially for 
that purpose. 
Transmission spectrum measurement 
The transmission spectra of single crystals of WSCg of different 
thicknesses were performed with a Gary 14 spectrophotometer at room 
temperature, liquid nitrogen, and liquid helium temperatures in the near 
infrared region to study the nature of the fundamental absorption edge. 
The sample was mounted on a sheet of phosphor bronze with a hole as the 
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aperture. The sample was held on the sheet by a tiny dot of GE 7031 
varnish to minimize the stress induced in the sample when cooled. The 
sample was then placed in a cryostat. Another sheet of metal with a hole 
of the same size was put in the reference chamber of the spectrophotom­
eter. Transmission spectra were measured both in the process of cool­
ing and warming to make sure that the result was reproducible. 
Results And Discussion 
Photocurrent spectroscopy measurement 
Surface morphology is an important factor in controlling the 
performance of a PEC constructed from layered compounds. Steps and edges 
exposed to the electrolyte act as recombination centers (64,65) and 
photodecomposition sites (1). Fig. 14 shows the normalized short-circuit 
photocurrent spectra in the near infrared region for a number of single 
crystals of WSeg from the same growth ampoule with different surface 
morphologies, along with their i-V characteristics, both in the dark and 
upon illumination (A=650 nra). The spectra have been normalized in such 
a way that the peak photocurrent of each spectrum is taken to be unity. 
The spectra have not been corrected for the reflection losses from the 
crystal surface. The onset of photocurrent occurs at about 950 nm for 
the sample with a well-cleaved van der Waals surface and shifts toward 
longer wavelengths for samples with visible defects on the surface. For 
samples cut with a razor blade and mounted with edges exposed to the 
solution, the photocurrent was larger in the near infrared than in the 
visible region (not shown in the figure). The more defects there are 
on the surface, the lower the quantum efficiency, the open-circuit 
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Figure 14. (a) Normalized photocurrent spectra and (b) current-
voltage characteristics both in the dark (labeled by 
d) and upon illumination of three single crystals of 
WSe2 : for sample with well-cleaved van der 
Waals surface; for sample with steps and 
dislocations on the surface; and for sample 
mounted with edges exposed to the solution 
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voltage, and the fill factor, as is obvious from Fig. 14. The impurity 
level of the samples is of the order of 10^^ - 10^^ cm as obtained 
from electrical property and capacitance measurements. The width of the 
depletion layer, calculated from Eq. (3.9), is about 10 ^  cm. The 
5 -1 
absorption coefficient of WScg is smaller than 10 cm for wavelengths 
longer than 850 nm (2). Therefore, most of the incident light for 
wavelengths longer than 900 nm is absorbed outside the space charge 
region. Several effects can explain the relatively larger photocurrent 
at longer wavelength for samples with steps on the surfaces. First, 
electron-hole pairs generated by shorter wavelength photons will have 
a higher surface concentration because of larger absorption coefficients 
and will recombine more easily at the surface steps. Secondly, the 
absorption coefficient is much smaller for longer wavelength photons. 
This results in the electron-hole pairs' being generated at a distance 
longer than the minority carrier diffusion length ('vlO ^ cm) from the 
edge of the SCR. For a sample with a well-cleaved surface, the carriers 
most probably will recombine, but may diffuse toward the adjacent van der 
Waals surface for a sample surface with steps whose height may be of the 
order of the minority diffusion length, L^. Moreover, the anisotropic 
properties such as larger mobility (98) and diffusion length within the 
layer will assist this process. Fig. 15 shows schematically the photo-
excited electron-hole pairs and their subsequent motion when crystals of 
different surface morphology are illuminated with photons of energy close 
to the band gap energy. Lastly, the experimental observation may also 
be explained by the presence of surface states within the band gap a few 
tenths of an eV away from the band edges. Even though there is no direct 
Figure 15. Schematic diagram of the photoexclted electron-hole pairs 
and their subseuqent motion when crystals of layered 
compounds (e.g. WSe2) are illuminated at different surface 
morphology with photons of energy close to the band edge: 
(a) e-h pairs generated within the space charge region (SCR) 
will be separated by the space charge field; (b) carriers 
generated within the diffusion region may diffuse toward the 
SCR; (c) carriers generated below the diffusion region will 
eventually recombine; and (d) carriers generated below the 
diffusion region of an illuminated surface may be within 
the diffusion region of adjacent surface if step height is 
comparable to the diffusion length 
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evidence for the existence of intrinsic surface states from studies on 
MoSg by photoelectron spectroscopy (31), interfacial states may exist 
when these compounds are in contact with solution containing I /Ig, which 
is known to be strongly adsorbed on solid surfaces. The lack of addi­
tional structure in the photocurrent spectra for wavelengths as long as 
1.5 ym suggests that surface states are not present in this system, at 
least for the energy range under study. For a sample mounted with an 
edge exposed to the solution, the relatively larger photocurrent in the 
wavelength region (0.9 ym < A < 1 ym) may be due to electron states 
induced within the band gap by damage and stress in the sample during 
the cutting process. 
A common feature of all the spectra is a dip at about 760 nm, which 
corresponds to the A-exciton absorption peak at room temperature (2). 
The dissociation energy of the A-exciton is about several hundreds of an 
electron volt (14). At room temperature, these photogenerated A-excitons 
should be dissociated within the depletion layer, where the electric 
field strength is of the order of 10^ - 10^ V/cm. The presence of the 
dip means that the excitons do not contribute to the photocurrent due to 
surface recombination via surface defects. This is further supported by 
Fig. (14) in which the dip is deeper for samples with more surface 
defects. 
Fig. 16 shows normalized short-circuit photocurrent spectra of an 
edge-mounted single crystal WSeg electrode in the near infrared region 
before and after treating the sample with 4-tert-butylpyridine. The 
photocurrent increases in this spectral region after the treatment and 
decays as time passes. After 24 hours, the photocurrent is still larger 
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Figure 16. Normalized short-circuit photocurrent spectra of an edge-
mounted single crystal of WSe2 with and without treatment 
with 4-tert-butylpyridine 
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than that before treatment. Parkinson et al. (66) attributed the increased 
short-circuit current, open-circuit voltage, and fill factor of the cells 
to the passivation of the surface recombination centers by the semi-
intercalation of the 4-tert-butylpyridine. 
Fig. 17 shows the short-circuit quantum yield spectra of two hot-
pressed polycrystalline n-WSCg samples with different grain sizes. A 
similar spectrum for a sample with a well-cleaved surface near the onset 
is also shown in the same figure for comparison. It is obvious that the 
quantum yield is much lower for polycrystalline samples because of 
recombination losses via surface defects and grain boundaries. The 
suppression of long wavelength photocurrent for polycrystals with smaller 
grain sizes is consistent with the discussion given in the previous 
paragraph. If the grain size is smaller than the minority carrier 
diffusion length, then most of the photogenerated electron-hole pairs 
will recombine at the grain boundaries. The onset of photocurrent shifts 
toward shorter wavelengths for the polycrystalline samples when compared 
to the single crystals. 
Fig. 18 shows the wavelength dependence of the short-circuit quantum 
yield for n-type single crystals of WSeg, WSg, MoSCg, and MoSg with as 
perfect a van der Waals surface as can be obtained by careful cleaving. 
The high degree of surface perfection is reflected in their i-V 
characteristics with low dark current, high photocurrent, photovoltage, 
and fill factor. The quantum yields have not been corrected for the 
reflection losses from the crystal surface, which may be as high as 
30-40% (14). The actual reflection losses may be lower because of the 
presence of the electrolyte with an index of refraction higher than 1. 
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Figure 17. Short-circuit quantum yield spectra of polycrystalline 
samples of n-WSCg, along with that of a single crystal 
near the onset region for comparison 
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Figure 18. Short-circuit quantum yield spectra of n-type single 
crystals of WSe2, MoSe2> WS2, and M0S2. Inserted are 
the transmission spectra of the electrolytes (IM I~/ 
X mM I2) of '\'l mm solution path length plotted with 
the same wavelength scale 
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Except for MoS^, the quantum yield per absorbed photon may approach unity 
at the spectral maximum. The relatively low quantum yield for MoSg is 
mainly due to the poorer quality of the crystals, as found from the 
cleaving process and from resistivity measurements. Moreover, the MoSg 
electrodes show overall poorer i-V characteristics. There are some 
features in the spectra for all these materials. Two of them have been 
indicated with an arrow and labeled with and which correspond to 
the A- and B-exciton absorption peaks of these materials at room 
temperature (2), Kautek et al. (7) did not observed structures (peaks 
or dips) in the photocurrent spectra at these photon energies, cor­
responding to the A- and B-exciton peaks observed in the absorption 
spectra, and speculated that undissociated excitons would not contribute 
to photocurrent. As discussed earlier, these two dips observed in the 
photocurrent spectra are explained as recombination of the dissociated 
excitons via surface defects. There is one more factor to be taken into 
account. The reflectivity of these materials in vacuum near the A- and 
B-exciton peaks may change by 10% (14). The reflectivity of these 
materials in solution is lower, but may account partly for the two dips 
in the spectra. The feature in the UV region is the result of strong 
absorption by photogenerated iodine at the semiconductor surface. The 
lamp spectra, from which the quantum yield spectra are calculated, are 
obtained with the same path length of the same electrolyte in a quartz 
cell in front of the detector. Despite this precaution, the lamp spectra 
do not give the actual incident photon flux on the semiconductor surface 
in the UV region because a small amount of I which has a strong 
absorption band in this spectral range, as shown in the insert, is photo-
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generated at the semiconductor surface during the experiment. If 
bromide, or other redox couple without as strong an absorption band in 
the UV is used, this feature will disappear. From these spectra, it is 
obvious that the selenides will be more efficient than the sulfides when 
employed in a PEC because their quantum yield spectra are a better match 
for solar spectrum. 
Solar cell performance 
The crystals were screened for efficiency by measuring the current-
voltage behavior in the solar cell region, both in the dark and under 
illumination with a He-Ne,argon, or krypton laser. At the beginning of 
this research, diverse results were observed, even for crystals apparent­
ly free of macroscopic surface defects. High impurity levels, as detect­
ed by spark-source mass spectrometry analysis, inhomogeneous impurity 
distribution, non-stoichiometry of the crystals, and non-ohmic back 
contacts are the most probable causes of this diversity. When WSeg and 
MoSeg single crystals of better quality were grown with chlorine gas as 
transport agent and the method of electrode preparation had been improved, 
much more consistent results were obtained for these two materials. 
Diverse results were still observed for single crystals of WS^ and MoSg 
because of their poorer quality. 
Fig. 19 shows the current-voltage characteristics for some of the 
best WSe^, MoSeg, WSg, and MoSg photoanodes in iodide and bromide 
electrolytes. The light source was a krypton laser (A=647.1 nm) which 
2 
was focused to a beam size slightly smaller than 0.04 cm with a power 
of 1 mW. Several features are common to all these electrodes. The dark 
Figure 19. Current-voltage characteristics of the PEC with WSe2, 
MoSe2, WS2, and MoS2 as photoanodes. The electrodes 
are illuminated with a krypton laser of '\j25 mW/cm^. 
The lowest curves in each panel are the dark 
characteristics. 
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currents, which are shown close to the voltage axis, are relatively small 
(< 1 VA) and increase as the voltage approaches the flat-band potentials 
of these materials. Their short-circuit currents are nearly the same, 
while the open-circuit voltages are higher for tungsten compounds than for 
molybdenum compounds. The short-circuit quantum efficiency can be as 
high as 0.67 in bromide and 0.61 in iodide electrolytes, without correc­
tion for losses from solution absorption and reflection from the 
electrode surface. The difference stems from the higher solution 
absorption loss by iodide electrolytes. The role of redox couples in the 
performance of the solar cell is clearly revealed in Fig. 19. The fill 
factors of all these materials are higher in iodide than in bromide 
electrolytes. This is clearly shown in the case of WSeg electrode. The 
photocurrent reaches its saturation value at a voltage less than 0.2 V 
from the onset voltage in iodide, but more than 0.3 V in bromide 
electrolytes. This implies that the surface recombination rate is higher 
in the bromide electrolytes. Since the fate of the photogenerated 
electron-hole pairs within the semiconductor should be independent of the 
redox couples in the electrolyte for the same amount of band bending 
( ^0.3 V in this case), the recombination must take place at the electrode 
surface. Iodides are known to be strongly adsorbed at solid surfaces. 
The strong interaction between the semiconductor surface and the adsorbed 
reduced species (iodide) apparently provides a fast-kinetics pathway for 
charge transfer across the interface which bypasses the recombination 
process. 
Table III shows data for the best synthetic photoanodes of these 
materials in iodide and bromide electrolytes under monochromatic 
Table III. Monochromatic solar cell parameters 
Sample^ Toe (V) i (mA) sc ff (%) 
1
 o 
M
 Solution 
WSSg #27-1 0.62 0.02 0.78 9.7 0.1 IM l" O.IOM 
^2 
#50-1 0.71 0.32 0.75 17.4 1 2M I~ O.OIM 
:2 
#50-2 0.71 0.32 0.72 16.5 1 2M l" O.OIM 
:2 
#50-2 0.72 0.35 0.52 12.9 1 2M Br" 0.02M Br 
MoSe2#33-l 0.57 0.31 0.74 13 1 2M I~ O.OIM 
^2 
#33-1 0.65 0.33 0.54 12.3 1 2M Br" 0.02M Br 
#33-2 0.57 0.31 0.75 13.3 1 2M l" O.OIM 
:2 
#33-2 0.64 0.33 0.59 12.1 1 2M Br" 0.02M Br 
#33-3 0.54 0.016 0.68 6 0.1 IM I~ O.IOM 
^2 
WSg #51-7 0.69 0.34 0.51 12.3 1 2M Br" 0.02M Br 
#51-8 0.58 0.32 0.63 11.6 1 2M I~ O.OIM 
^2 
#51-8 0.73 0.33 0.45 10.9 1 2M Br" 0.02M Br 
#51-9 0.51 0.32 0.57 9.5 1 2M l" O.OIM 
:2 
#51-9 0.70 0.34 0.38 9.0 1 2M Br" 0.02M Br 
MoSg #44-2 0.39 0.32 0.67 8.5 1 2M l" O.OIM 
^2 
#44-2 0.32 0.34 0.40 4.4 1 2M Br" 0.02M Br 
#44-3 0.45 0.32 0.69 9.8 1 2M Br" 0.02M Br 
#44-4 0.36 0.31 0.60 6.8 1 2M l" O.OIM :2 
#44-4 0.38 0.32 0.38 4.5 1 2M Br" o.o2M Br 
^The samples of WSeg #27-1 and MoSCg #33-3 were illuminated with 
He-Ne laser, while others were illuminated with krypton laser. 
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illumination. Except for WScg #27-1 and MoScg If 33-3, all samples were 
illuminated with a beam size slightly smaller than the electrode surface 
areas. This explains the low short-circuit current and monochromatic 
conversion efficiency of these two electrodes compared with their solar 
efficiencies shown in Table IV. The open-circuit voltages are approxim­
ately the same for WSeg in these two electrolytes while they are higher 
in bromide electrolytes for MoSeg and WSg. In the case of MoSg, such a 
trend can not be predicted because of the diversity of their current-
voltage behaviors. The fill factor for the best WSCg photoanode can be 
as high as 0.78 at low light intensity, a value comparable with the best 
solid-state solar cell. The fill factors are considerably higher for 
the selenides than the sulfides. Tungsten diselenide is the best solar 
cell material among all the transition metal dichalcogenides studied. 
Monochromatic efficiencies as high as 17.4 % can be achieved for an 
illumination level of 25 mW/cm . WSeg is superior to MoSeg because of 
its larger open-circuit voltage, which is a result of larger band-bending 
in equilibrium in the dark. If the flat-band potential is taken to be 
-0.3 V (vs. SCE) for MoSeg (63) and -0.45 V (vs. SCE) for WSe^ (62) in 
iodide electrolytes with redox potential = 0.29 V, then the band 
bending, which will be the maximum photovoltage, is ^  0.59 V for MoSCg 
and 0.73 V for WSeg. The open-circuit voltage listed in Table III 
agree very well with the predicted maximum photovoltage of these two 
compounds. 
Fig. 20 shows the current-voltage behavior of a single crystal WSCg 
photoanode under monochromatic illumination of different intensity. The 
short-circuit quantum efficiency remains unchanged ( ^0.6) for intensity 
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Current-voltage characteristics of a PEC with a 
single crystal of WSe2 as the photoanode under 
different illumination levels by a krypton laser 
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2 
up to 9.6 mW C^AO mW/cm ). At this intensity (y3 suns), the efficiency 
is about 13% while the fill factor is 0.57. A hysteresis appears in the 
2 
current voltage curve at an illumination level of 30 mW (~750 mW/cm ). 
I is photooxidized into at the electrode surface. At high 
illumination levels, a stream of of dark brown color can be seen 
coming out of the illuminated electrode surface. The concentration of I 
is now depleted near the electrode surface and diffusion of the reduced 
species (iodide) toward the electrode surface may become the rate-
determining step in the charge transfer process. The short-circuit 
current and the fill factor decrease drastically at high intensity 
because of (i) increasing solution absorption loss by the photooxidized 
near the electrode surface; (ii) slower kinetics due to the depletion 
of I at the electrode surface, which will also increase the surface 
recombination rate; and (iii) increasing recombination losses within the 
SCR, which is the dominant loss process because the recombination rate 
depends quadratically on the excess minority carrier concentration. The 
current-voltage characteristics can be explained very well with the 
theoretical work of Reichman (89) which predicted a sharp rise of the 
photocurrent to its saturated value in the case of fast kinetics for 
charge transfer and negligible recombination within the SCR, and a 
smaller fill factor when this recombination was included. 
The high cost of single crystals of these materials will make them 
practical only for the conversion of concentrated sunlight to fuels or 
to electricity. The dependence of the short-circuit current on the 
photon flux of the laser light is shown in Fig. 21 and Fig. 22. The 
curves in Fig. 21 are for the same samples in Fig. 19 and clearly show 
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Figure 21. Illuminated intensity dependence of the short-circuit 
current of the PEC with single crystals of MoSe2, WSe2, 
M0S2, and WS2 as photoanodes. The light source is a 
krypton laser (A=647.1 nra). 
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Figure 22. Illuminated intensity dependence of the short-circuit 
current of a PEC with a single crystal of WS2 as the 
photoanode illuminated with krypton (hv=1.919 eV) and 
argon (hV=2.4145 eV) lasers. Open (closed) symbols 
for the PEC with (without) bubbling the solution 
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the linear dependence of the short-circuit current on the illumination 
intensity. The linear relationship shows negligible recombination loss 
within the SCR. Deviation from linearity at high light intensity arises 
from increasing losses by solution absorption and recombination. A 
curve is also shown in Fig. 21 for a WS^ electrode with visible steps on 
the surface. The short-circuit current becomes saturated at moderate 
light intensity because of surface recombination taking place at the 
surface defects. Fig. 22 shows similar results for a WS^ electrode 
illuminated with argon (A=514.5 nm) and krypton (X=647.1 nm) lasers 
respectively. The curves are linear for illumination with the red laser 
2 light up to 'V 600 mW/cm . The current efficiency improves slightly with 
bubbling the solution at high intensity due to less absorption by the 
photooxidized which is driven off the optical pathway. Because of 
the strong absorption of the argon laser light by the iodide electrolyte 
(the transmittance of a 1 mm of this solution is 0.4), the current has 
been corrected for solution absorption. Even with this correction, the 
current still deviates from linearity at moderate light intensities 
because of the photooxidized at the surface. This non-linearity can 
be improved by bubbling the solution with nitrogen to minimize the 
absorption loss by the photooxidized and to enable the I get to the 
electrode surface faster. By bubbling the solution, both the current and 
the fill factor are improved under green illumination. The short-circuit 
current can be improved up to 30%. Fig. 23 shows the dependence of the 
open-circuit voltage on the illumination intensity. The open-circuit 
voltages depend exponentially on the illumination intensity for most of 
the crystals studied. The slopes of these curves are approximately 50 mV 
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Figure 23. Illuminated intensity dependence of the open-circuit photo-
voltage of the PEC with single crystals of WSe2, MoSe2, WS2, 
and M0S2 as photoanodes. Light source : krypton laser 
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per decade, except for WS^ in iodide and MoSg in bromide electrolytes. 
Tributsch et al. (61) observed a much larger slope C^350 mV per decade) 
for WSeg at low level Illumination, which is not observed here. The 
difference between the open-circuit voltages of the sulfides is larger 
than that of the selenides. Again, this may be due to the difference 
of their flat band potentials. 
Fig. 24 shows the current voltage behavior of these electrodes 
under solar illumination. The short-circuit currents are about 20% 
higher for electrodes in bromide than in iodide electrolytes because 
strong absorption of the iodide solution starts at about 650 nm toward 
shorter wavelengths. The solar spectrum in this spectral region is 
mostly absorbed by the solution, not by the semiconductor. The current 
efficiencies are higher for the selenides than for the sulfides because 
their photocurrent spectra in Fig. 18 match the solar spectrum better. 
The fill factors and the open-circuit voltages are smaller than those 
under monochromatic illumination of the same intensity. For monochromatic 
illumination (A=647.1 nm), most of the electron-hole pairs are generated 
very close to the electrode surface because of large absorption 
coefficient. Negligible recombination within the SCR and at the surface 
gives rise to larger open-virvuit voltages and fill factors. In the 
case of solar illumination, electron-hole pairs can be generated outside 
the SCR. This will increase the recombination rates both in the quasi-
neutral region and the SCR of the semiconductor. 
Table IV shows some of the best solar cells constructed with these 
layered compounds. Efficiencies as high as 10.2% for WSeg and 9.4% for 
MoSeg are achieved. The durability of these materials and the stability 
Figure 24. Current-voltage characteristics of the PEC with single 
crystals of WSe2, MoSe2, WS2, and M0S2 as photoanodes 
under solar illumination 
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Table IV. Summary of solar conversion efficiencies 
, Sample 
V 
oc 
(V) 
i 
sc 
2 (mA/cm ) 
ff 
(%) 
A'^ 
/ 2-(cm ) 
:o' 
2 (mW/cm ) 
Solution 
WSeg #27-1 0.67 22.6 0.57 10.2 0.025 82.6 IM /0.05M Ig 
#50-1 0.64 18.9 0.70 9.5 0.074 89.3 2M l" /O.OIM Ig 
#50-1 0.65 22.3 0.48 8.9 0.074 87.4 2M Br" "/0.02M Bv^ 
#50-2 0.63 19.4 0.63 9.0 0.068 85.4 2M l" /O.OIM Ig 
#50-2 0.62 25.0 0.44 7.4 0.068 91.3 2M Br' "/0.02M Br^ 
MoSe2#33-l 0.54 18.0 0.64 6.9 0.057 88.3 2M l" /O.OIM 
#33-1 0.60 24.4 0.42 6.6 0.057 89.3 2M Br' "/O.OIM Brg 
#33-2 0.54 17.4 0.62 6.6 0.062 89.3 2M I~ /O.OIM 
#33-2 0.58 21.6 0.46 6.5 0.062 88.3 2M Br" '/0.02M Br_ 
#33-3 0.57 25.5 0.55 9.4 0.028 84.7 IM l" /0.05M Ig 
WS^ #51-8 0.72 13.9 0.51 6.0 0.063 85.4 2M Br" 70.02M Brg 
#51-9 0.68 13.8 0.48 5.4 0.100 82.5 2M Br" "/0.02M Brg 
MoSg #44-3 0.52 14.6 0.25 3.4 0.081 86.4 2M Br" '/0.02M Brg 
#44-4 0.50 16.7 0.43 4.1 0.084 88.3 2M Br" '/0.02M Br^ 
^Solar conversion efficiency. 
^Surface area of the samples under illumination. 
'^Solar power density. 
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against air oxidization of the redox couple-electrolytes employed in the 
cell are unique to these materials. An n-WSSg/I /C cell has been 
operated at about 9% conversion under illumination from a tungsten-
halogen lamp at AMI intensity for nine months without any visible photo-
corrosion products in the electrolyte above the detection limit of the 
X-ray fluorescence analysis. However, this requires single crystals with 
surface of high quality, as indicated by the very small electrode surface 
areas of these cells, and imposes a serious problem for the use of these 
materials in a practical solar cell. This may be overcome if a better 
technique can be developed to prepare large areas of these single 
crystals with comparable quality. 
Absorption coefficient of WSeg near the fundamental absorption edge 
When a semiconductor is illuminated with photons of energies larger 
than its band gap energy, electrons will be excited to higher energy 
states by photon absorption. Several processes may take place. Only 
the process of interband transition near the fundamental absorption edge 
is of interest here. The transition is called direct if the valence band 
maximum and the conduction band minimum are at the same point in k space, 
so the momentum of the electrons does not change in the process (aside 
from a negligible momentum change associated with the photon absorption 
process); otherwise, it is called indirect, in which momentum conserva­
tion occurs by phonon absorption and/or emission. Theoretically, there 
are two possible processes by which indirect transitions can take place: 
(1) an electron near the top of the valence band can be excited vertical­
ly, on an E versus k diagram, to an Intermediate state in the conduction 
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band above the minimum of that band, and then scattered to a state near 
the conduction band minimum by either phonon absorption or emission and 
(ii) an electron in the valence band below the maximum of that band can 
be excited vertically to a state near the bottom of the conduction band 
and then the hole (an intermediate state) left behind will be scattered 
to a state near the top of the valence band by either phonon absorption 
or emission. Fig. 25 shows schematically the cases of direct and indirect 
interband transitions. Moreover, the transitions are classified as 
allowed or forbidden, according to whether f 0 or = 0 at the band 
edges, where is the momentum matrix element between initial and final 
electronic states (direct) or intermediate and either initial or final 
states (indirect). For direct transitions, the absorption coefficient of 
the semiconductor is given by (98,99,100) 
a = ïè" ( hv - E )^ forhV>E„ , (3.37) hv g g 
while that for indirect transitions via one-phonon process is given by 
(99, 100, 101) 
0 for hv <E 
S 
A, [hV-(E'-E )]^ 
* = lb; { E,/k,s } < E;+Ep 
e ^ ^ - 1 
,  [hV-(E'-E)]* [hV-(E'+E )] 
{ Ep/%,T + :I:7|-T- } ' (3-3*) 
e  - 1  1 - e  
where A (A') depends on the momentum matrix elements, E^ (E^) is the 
direct (indirect) band gap energy, hV is the photon energy, Ep is the 
99 
E 
(a) 
Fig, 25 Schematic diagrams of (a) direct and (b) indirect interband 
transitions. • (o) for electron (hole) state while * (tv) 
for intermediate electron (hole) state 
100 
phonon energy, and Z Is a constant depending on the dimensionality of the 
energy band structure and the nature of the transition (direct or 
indirect, allowed or forbidden). The values of A are given in Table V 
(98, 99, 100, 101). 
Table V. A summary of the values of & in Eqs. (3.37) and (3.38) near the 
fundamental absorption edge 
2D^ 
Direct 
3D^ 2D 
Indirect 
3D 
Allowed 0 1/2 1 2 
Forbidden 1 3/2 2 3 
^2D (3D) for two (three) dimensional energy band structure. 
To determine whether the fundamental absorption edge is direct or 
indirect, the transmission spectra of several single crystals of WSe^ have 
been measured in the near infrared region with a Gary 14 spectrophoto­
meter. Neglecting interference effects, the absorption coefficient is 
calculated from (100) 
^2 . -ad 
1 - e" 
^ ^ ^ " ^2 ^ Ld ' <3.39) 
where T is the measured transmittance of the sample, R is the reflectivity 
of WSeg from reference (14), and d is the thickness of the sample. The 
results are plotted as a versus photon energy in Fig. 26 and as /â versus 
photon energy in Fig. 27 for a single crystal of WSeg 0.06 cm thick. At 
lower photon energies, there is a constant background probably due to 
295 K 77 K 
o o o o  
1.30 1.35 
PHOTON ENERGY (eV) 
Fig. 26 Absorption coefficient spectra of a single crystal of WSe_ 0.06 cm thick at 295 
77 K, and 15 K, respectively 
Fig. 27 Photon energy dependence of /a of a single crystal of WSe_ 0.06 cm thick at 295 K, 
77 K, and 15 K, respectively 
1.30 
PHOTON 
T T 
77 K / o 15 K 
h» 
o 
w 
1.35 
ENERGY (eV) 
1.40 .1.45 
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absorption by impurities and/or free carrier absorption at the higher 
temperatures. After subtracting the constant background, the results 
have been fitted to Eqs. (3.37) and (3.38) with different values of &. 
The best fit is by using Eq. (3.38) with &=2 and the results are shown as 
yolid curves in Fig. 27. The parameters A', E^, and Ep are obtained by 
fitting the data to Eq. (3.38) with the least-squares method (102) at 
room temperature (295 K). The results are A'=5800 eV ^«cm Eg=1.23 eV, 
and Ep=0.027 eV with a root mean square deviation of 0.39 cm The 
indirect band gap energies at 77 K and 15 K can be obtained by fitting 
the data at these two temperatures to Eq. (3.38) with the same parameters 
A' and Ep obtained at room temperature. The results are =1.296 eV at 
77 K and 1.306 eV at 15 K. The experimental results agree very well 
with Eq. (3.38) at room temperature for the four samples under study, but 
become worse at low temperatures, especially at 15 K. If the parameters 
A' and Ep at 77 K and 15 K are allowed to be different from those at 
room temperature, a significantly better fit is obtained with a small 
change of the indirect band gap energies at 77 K and 15 K, respectively. 
Physically, the parameters A' and Ep should be nearly temperature 
independent. Therefore, the parameters A'=5800 eV ^«cm ^ and Ep=0.027 eV 
are chosen. At higher photon energies, the absorption coefficient rises 
more rapidly than that predicted by Eq. (3.38) for all temperatures under 
study and can only be studied with thinner samples. Such rapid rises in 
the absorption coefficient suggest that indirect transitions via other 
phonons or across other band gaps, or direct transitions via a direct 
band gap with band gap energy slightly higher than that of the indirect 
one, may take place. Fitting the results to either Eq. (3.37) or 
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Eq. (3.38) or a combination of the two turns out to be hopeless because 
too many parameters can be adjusted. Moreover, the fact that the samples 
are not reasonably pure will make interpretation of the experimental 
results more complicated. Even though there are no complete phonon 
spectra and detailed band structure calculation of WSCg at this moment 
so that comparison of the experimental results with theory can not be 
made, the results strongly suggest that single crystal of WSCg is an 
indirect band gap material. For WSeg, infrared reflectivity measurements 
gave an optical phonon of energy '^31 meV for E_[_c-axis (102, 103) while 
Raman scattering measurements gave phonons of energies ^22.1, 31, and 
31.4 meV (104), respectively, near the Brillouin zone center. The phonon 
of energy 27 meV deduced from the absorption coefficient of WSeg is 
probably an optical pnonon in one of the optical phonon branches, but 
its exact location can not be determined. 
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CHAPTER IV. SUMMARY AND CONCLUSION 
The electrical resistivity and Hall effect perpendicular to the c-
axis of single crystals of WSCg, MoSe^, WSg, and MoSg were studied in the 
extrinsic conduction temperature range (77 K to 300 K). The experimental 
results were consistent for WSeg and MoSeg, even for crystals from 
different growth ampoules, but not for WS^ and MoSg because of poorer 
crystal quality. At room temperature, the resistivity and the carrier 
concentration are approximately 3 0-cm and 1x10^^ cm ^ for WSeg, 1 fi-cm 
and 1x10^^ cm ^ for MoSSg, 1 f2-cm and 2x10^^ cm ^ for WSg, and 6 0-cm and 
8x10 cm for MoSg. It was found that a single donor energy level can 
be assigned to the crystals of WSe^ (2^=10814 meV) and MoSCg (Ejj=64±2 meV). 
The electron Hall mobility of WSeg and MoSCg depends strongly on tempera­
ture: ^ Q^T for WSeg and ^T for MoSeg. It was believed that 
would show similar temperature dependence for WS^ and MoSg if the crystal 
quality was improved. The resistivity parallel to the c-axis was also 
studied on single crystals of WSCg and MoSeg. The resistivity anisotropy 
of these two compounds is small, compared to that reported on natural 
single crystals of MoSg. Even though the results in this work fall 
within the range of the reported data, there is still some doubt whether 
the strong temperature dependence of is an intrinsic property of these 
compounds or extrinsic due to different methods of crystal preparation. 
Photocurrent spectra of single crystals of WSCg, MoSeg, WSg, and 
MoSg have been studied. The quantum yield can be as high as 0.7 without 
correcting for reflection loss from the crystal surface. Two dips 
corresponding to the exciton peaks (E^ and E^) in the absorption spectra 
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of these compounds were observed and were interpreted as recombination 
of the dissociated excitons via surface defects of these materials. 
Single crystals of n-type WSCg, MoSeg, WSg, and MoSg have been employed 
as photoanodes in a photoelectrochemical solar cell with a variety of 
redox couples as the charge-transfer agents. It was found that the cell 
performance is limited by the presence of defects on the crystal surfaces. 
In the presence of surface defects, such as steps and screw dislocations 
which were identified as recombination centers (64, 65) and photo-
decomposition sites (1), the short-circuit current, the open-circuit 
voltage, and the fill factor of the cell are smaller. For crystals with 
as perfect a van der Waals surface as can be obtained by careful cleaving, 
it was found that WSe^ is the best photoelectrode material of all, and the 
redox couple, I /I^ , provides a fast-kinetics path for electron transfer. 
An efficiency as high as 10.2% was achieved for an n-WSeg/I -Ig /Ft cell, 
and 9.4% when MoSeg was used. The cell (n-WSe^/I -Ig /C) is stable for 
at least one year. At low monochromatic (A=647.1 nm) illumination 
2 intensity (^^5 mW/cm ), an efficiency as high as 17.4% can be achieved 
for a n-WSeg/I -1^ /Ft cell with a fill factor of 0.75 without correcting 
for reflection loss from the electrode surface and absorption loss by the 
electrolyte. The efficiency is lower ( ^13%) when MoSeg is used because 
of a smaller open-circuit voltage. The illumination-intensity-dependence 
of the short-circuit current, the open-circuit voltage, and the i-V 
characteristics of the cells with WSeg, MoSeg, WS^, and NoSg as photo-
anodes was also investigated. It was found that the short-circuit 
currents of a cell with a well-cleaved van der Waals surface depend 
17 
linearly on the illumination intensity for photon flux up to 10 photons 
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per second (X=647.1 nm) while those with surface defects deviate from the 
linear relation for moderate Intensity. The open-circuit voltages depend 
exponentially on the illumination intensity for most of the crystals 
studied with a slope of '^50 mV per decade. The fill factors get smaller 
at higher illumination intensity because (1) recombination losses at the 
Interface and within the space charge region become Important and (11) 
photooxidatlon of I into at the electrode surface increases the 
absorption loss by the electrolyte. Polycrystalline samples of WSeg were 
also studied as photoanodes in such a cell, but their performance is poor, 
compared with that of single crystals, because defects, such as steps on 
the crystal surface and grain boundaries, act as recombination centers. 
Transmission spectra of single crystals of WSe^ were investigated 
near the fundamental absorption edge at 295 K, 77 K, and 15 K. The 
experimental results strongly suggested that WSeg is an indirect band gap 
material with £^=1.23 eV at 295 K, 1.296 eV at 77 K, and 1.306 eV at 15 K, 
respectively. The phonon involved in the indirect transition probably is 
an optical phonon of energy 0.027 eV. 
The quasi two-dimensional structure and the diverse physical and 
photoelectrochemical properties of WSeg, MoSCg, WSg, and MoSg attract 
much research interest. Even though some agreement appeared in the 
reported properties of these compounds, some were still widely scattered. 
This was mainly because it was very difficult to prepare these materials 
under precisely-controlled conditions. The traditional method of growing 
single crystals of these compounds is to seal the charge in a quartz 
-6 
ampoule evacuated to ^10 Torr or so with or without transport agents 
(Clg, Br^, or 1^) and dopants. The effect of the transport agents or 
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dopants on the properties of these compounds is not well-understood. In 
order to study the intrinsic properties of these compounds, the crystals 
must be reasonably pure. Crystals grown with purer raw materials and 
better vacuum should be purer. Thin film and/or bulk single crystals of 
WSe^, MoSeg, WS^, and MoS^ may be prepared by sputtering or molecular beam 
epitaxy (MBE) techniques. If successful, and if the crystals are of 
reasonable quality, physical and electrochemical properties measured on 
these materials will be more meaningful. Not much effort has been made 
in this direction, probably because of the high cost of the facilities 
and the certainty that good quality of thin film and/or bulk single 
crystals of these compounds can be prepared in this way or not. However, 
it is worth-while to try, because good sputtering or tlBE systems are 
available and are not uncommon to most research laboratories. If this 
method of preparing these compounds works, other layered compounds can 
be prepared with the same technique as well. 
The compounds of n-type WSeg and MoSe^ can be used as efficient 
photoanodes in a photoelectrochemical solar cell if the crystal surfaces 
are free of submicroscopic defects. This will limit their application 
as solar cell materials because of the high cost of their preparation. 
However, single crystals of WSeg and MoSCg several microns thick will be 
efficient solar absorbers. If good quality thin-film single crystals or 
polycrystalline samples of larger grain size can be prepared at a lower 
cost, these compounds will remain as potential solar cell materials. 
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